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Abstract

This study aimed to create a structurally correct bilayered blood vessel-on-chip model with a mesenchymal
stem cell (MSC) support layer surrounding a human umbilical vein endothelial cell (HUVEC) monolayer. The
developed model was used to investigate the effect of MSCs on the integrity of the endothelial monolayer. A
microfluidic platform was fabricated and microchannels were coated with a collagen matrix. A circular lumen
in the collagen matrix was created with the template removal method, after which the lumen was seeded with
MSCs prior to HUVECs. Additional experiments were performed on a plate to determine the effects of co-culture
in a collagen gel without the limitations of on-chip experiments. In the research, challenges were encountered
such as incomplete staining and non-confluent cell layers, which hindered clear conclusions on MSC and HUVEC
layer mixing. Nonetheless, co-culturing MSCs with HUVECs seemed to enhance endothelial junction formation,
suggesting MSCs may support endothelial integrity. Seeding cells onto microfluidic chips showed that achieving
uniform cell attachment throughout the lumen was difficult. Cells primarily attached to the bottom surface of
the lumen, emphasizing the need for protocol improvements to enhance cell adhesion within the lumen. While
this study established a foundational model, further optimization is necessary to achieve clinically relevant and
reproducible results. The results help to understand the interaction of MSCs with HUVECs within microfluidic
systems and show the critical need for advanced techniques to further study the complex process of metastasis.

1 Introduction

Every year, about 18.000 women in the Netherlands receive
the diagnosis breast cancer (BC). Of these women, 6% are
already at stadium IV [1], which means the cancer has left the
tumorsite and spread to other parts of the body. The process
behind tumorcell migration into distant tissues is called metas-
tasis. Relapse of a patient is often caused by a newly found
metastasis rather than a local reoccurrence of BC, highlighting
the critical need to target the metastatic process, especially
for later stages of cancer progression [2].

Blood vessels are central in the process of metastatic
spreading and are characterized by their structure consisting
of multiple concentric layers of vascular cells surrounding a
central lumen [3]. Endothelial cells form the innermost layer,
creating a continuous monolayer that serves as an active bar-
rier to circulating cells and other blood components. Perivas-
cular cells surround the endothelial monolayer seperated by
a thin basal lamina, as shown in Figure 1. Perivascular cells,
including pericytes, provide structural support, communicate
with endothelial cells, ensure the tightness of the vascular bar-
rier and are crucial for maintaining endothelial integrity.

Extravasation of circulating tumor cells (CTCs) from the
blood vessel is a main event during the process of metastasis,
as shown in Figure 2 [4]. During metastasis, tumor cells in-
travasate into the blood stream and circulate through the body,
after which CTCs arrest on the vascular endothelium and mi-
grate across the endothelium into the underlying tissue. CTCs
can either get trapped in smaller capillaries or adhere to larger
venes when the flow is relatively low [5]. Hindering the ex-
travasation of CTCs would reduce metastasis and significantly

Fig. 1: Cross-section of blood vessel, consisting of multi-
ple concentric layers of cells. The outermost layer is formed
by perivascular cells, surrounding the innermost layer of en-
dothelial cells, separated by a thin basal lamina. Created with
BioRender.com

improve survival rates [6]. Therefore, understanding the un-
derlying pathways of tumor cell behavior during extravasation
and their interaction with vascular endothelium is essential for
developing potential therapeutics that target metastasis.

To investigate extravasation of CTCs, several in vivo and
ex vivo experiments have been performed in mouse models
[7] or in zebrafish embryos [8]. However, the interaction and
communication among human cancer cells, human endothe-
lial cells and human underlying tissues is missing in these
models [9]. Furthermore, animal models have a low through-
put due to limitations such as cost and time. Additionally, the
extravasation of CTCs into intact organs is a challenging pro-
cess to study, since it is a rare and only brief event [10].
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Fig. 2: Schematic representation of the metastatic cascade. Steps include tumor cell intravasation into the blood stream,
circulation and extravasation from the blood vessel into the underlying tissue at the secondary site. Created with BioRender.com

Fig. 3: Overview of current studies involving extravasation on chip research. A) Microgaps to be coated with a monolayer of
endothelial cells replicating the basal lamina [11]. B) Square-shaped vessel channel surrounded next to a collagen matrix [12].
C) Monolayer epithelium separating a vessel cavity from the perivascular matrix [13]. D) Monolayer epithelium again separating
a tumor cell cluster in a cell culture medium compartment from a collagen matrix [14].

Potential solutions for some of these limitations are offered
by in vitro models, which use human cells within a highly con-
trolled environment [15]. However, these models are often
oversimplified, lacking the complex three-dimensional (3D) ar-
rangement and essential interactions between cells and the
extracellular matrix (ECM) necessary for modelling in vivo re-
sponses.

Therefore, there is a clear necessity for an in vitro model
that includes the complex 3D structures of the in vivo human
microenvironment. Microfluidics have the potential to over-
come some of the technical constraints of 2D in vitro assays,
offering novel models for investigating complex processes in
a precisely controlled 3D environment [9]. Another advantage
of these so called Organ-on-a-chip models is the possiblity of
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high-resolution real-time imaging. Additionally, controlled flow
and shear stress can be applied to more accurately mimic in
vivo conditions.

Several microfluidic devices have been developed to in-
vestigate the CTC extravasation. Common techniques are
microgaps coated with endothelial cells [11], square-shaped
vessel channels [12] or a simple straight endothelial mono-
layer sheet [13, 14] (Figure 3). However, most of these do not
incorporate an accurate blood-vessel model.

Although multiple blood vessel-on-chip models have been
created, only few studies aim to reconstruct the multiple con-
centric layers of in vivo bloodvessels. In one study, perivas-
cular cells were randomly embedded in a collagen matrix sur-
rounding a channel seeded with endothelial cells [16]. Even
though the barrier properties and cell junctions were improved
with the inclusion of perivascular cells, this model did not repli-
cate a perivascular layer closely surrounding the endothelial
layer. A different method is the Viscous Finger Patterning
technique, which brought the perivascular cells near the en-
dothelial cells without mixing the two cellular layers [17]. How-
ever, it did not allow for precise control of the vessel geometry,
potentially leading to irregularities when studying flow-related
aspects. In another study, bone marrow stromal cells were
seeded in a circular lumen and allowed to adhere to the colla-
gen matrix [18]. After that, the endothelial cells were seeded
into the same vessel, creating a double concentric layered
vessel. However, the used chip design does not allow for the
inclusion of a separately modeled tissue specific metastatic
niche, which is necessary to distinguish the secondary site
from the immediate surroundings of the blood vessel. Ac-
curately modeling this niche is essential, as determining the
tissue-specific metastatic potential of BC cells can improve di-
agnosis and aid in selecting the most effective therapy [19].

There is a strong need for an accurate blood-vessel-on-
chip model to investigate tumor cell behaviour during extrava-
sation. The aim of this study was to create a structurally cor-
rect bilayered blood vessel-on-chip model, while incorporating
the possibility of studying CTC extravasation towards a tissue
specific metastatic niche. The effect of a Mesenchymal Stem
Cell (MSC) layer on the integrity of an endothelial cell layer in
the blood vessel-on-chip model was investigated. In a study
by de Souza et al. [20], it was suggested that MSCs are ad-
ventitial cells present in the most outer perivascular cell layer
(Figure 1) . Therefore, we hypothesized that the inclusion of a
MSC support layer will result in a more accurate blood vessel-
on-a-chip model, by supporting the formation of tight junctions
in the endothelial cell layer and thereby reducing permeability
and ultimately extravasation of circulating tumor cells (CTCs)
compared to a model with only endothelial cells.

A microfluidic platform was fabricated and microchannels
were coated with a collagen matrix. A circular lumen in
the collagen matrix was created with the template removal
method [21], after which the lumen was seeded with MSCs
prior to endothelial cells. With immunostaining and celltracker
the cells were visualized and the vessel integrity could be
analysed. Additional experiments were performed on a plate
to determine the effects of co-culture in a collagen gel without
the limitations of on-chip experiments. The results contribute
to the understanding of MSC and HUVEC interactions within
microfluidic systems and emphasize the need for optimized
techniques to further study the process of extravasation.

2 Materials and Methods

2.1 Chip design
In a previous study, a blood vessel-on-chip design was made
and developed to study extravasation [22]. It consists of four
channels, each with a separate inlet and outlet and connected
by micropillars. The height of the channels equals to 0.40 mm
and all channels are 6.00 mm in length. The main channel
(Figure 4 in blue; width = 0.50 mm) is elongated on both sides
with guidance channels (width = 0.30 mm) to properly insert
and position the wire within the main channel. Other channels
are the metastatic niche channel (Figure 4 in green; width =
0.50 mm) where a tissue specific environment could possibly
be created, and the two outermost side channels which are
used for medium perfusion (Figure 4 in red; width = 0.30 mm).

Fig. 4: Chip design by Wippert et al. [22] consisting of two side
channels for medium perfusion (red), the main channel elon-
gated on both sides with guidance channels (blue) and the
metastatic niche channel (green). Measurements are given in
mm.

The space between all channels is 0.60 mm and includes
micropillars, creating four trapezoidal connections (height
0.20 mm). The broad side of the connection is 0.60 mm in
length while the narrow side is only 0.30 mm. The broad
side is directed towards the main and metastatic niche chan-
nel while the narrow side is directed to the medium channels
to allow for proper hydrogel filling and medium perfusion. The
connections between the main and metastatic niche channel
have the narrow side directed towards the main channel to
further optimalize hydrogel filling.

2.2 Chip fabrication
The chips were fabricated from a PDMS mixture, consisting of
a cross-linker (SYLGARD 184; Merck) and a non-crosslinked
PDMS prepolymer (SYLGARD) combined in a 1:10 weight ra-
tio. The mixture was poured onto the mold and degassed
for 1 hour in a vacuum chamber to eliminate air bubbles, af-
ter which it was baked for at least 4 hours at 65 °C. The
PDMS cast was carefully taken out of the mold before all
chips were cut separate and covered with tape to prevent dust
from collecting on the chips. Fluidic inlets and outlets were
punched with a 1 mm Ø biopsy puncher. The PDMS chips
were bonded to microscope slides (VWR; 26x76x1.0mm) by
oxygen plasma surface treatment using CUTE Plasma Sys-
tem plasma cleaner (Femto Science). To ensure the PDMS-
to-glass bonding, an additional overnight baking step at 65 °C
was performed. Finally, the chips were sterilized with UV light
in the laminar flow hood for a total duration of 1 hour, at 15
minute intervals per side.
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2.3 Lumen formation
To enhance collagen matrix adhesion, the main channel and
metastatic niche channel were coated with a 2 mg/mL poly-
dopamine (PDA; Sigma Aldrich) solution in 10 mM Tris-HCl.
The solution was filtered using a 0.22 µmeter filter and 1 mL
syringe. After filtration, the solution was slowly pipetted into
the two central channels and incubated for 1 hour at room
temperature. Chips were washed three times with PBS before
taking out all liquids and leaving them to dry in the incubator
at 37°C for at least 2 hours.

Once completely dry, a circular lumen is formed in the col-
lagen matrix with the template removal method. A 0.25 mm
Ø nylon wire (Decathlon) was UV sterilized for 1 hour and in-
serted in the main channel through the guidance channels.
The position of the wire was checked with a microscope to
ensure it was in the middle of the channel. A collagen solu-
tion (2.5 mg/mL) was prepared from 3 mg/mL Cellmatrix type
I-P stock solution (Nitta Gelatin), 10x PBS and neutralizing
buffer with respective ratio of 16:2:1. The buffer consists of
262 mM NaHCO3, 20 mM HEPES and 0.05 M NaOH in dis-
tilled water [23]. All components were placed on ice to prevent
polymerization. The collagen solution was quickly, but care-
fully pipetted into the main and metastatic niche channel to
prevent bubbles from forming. Chips were then incubated for
30 minutes at 37°C and 5% CO2 to boost polymerization. Af-
ter that, PBS was put in the side channels together with PBS
filled pipette tips. Additionally, a drop of PBS was placed on
the inlets and outlets of the main and metastatic niche chan-
nel to prevent drying out the collagen. At last, chips were left
in the incubator at 37°C and 5% CO2 overnight to allow full
polymerization of the collagen.

Next, the pipette tips were removed and the side channels
were filled with new PBS. Then the wire was slowly pulled out
of the main channel with a pair of tweezers and chips were
examined with a microscope for bubbles or leakage. All liq-
uid was removed from the chip before entirely closing off the
guidance channel with baysilone-paste (GE Bayer Silicones).

2.4 Cell culture
Immortalized human umbilical vein endothelial cells (HU-
VEC/tert2) were obtained from CliniSciences and cultured
in Endothelial Cell Basal Medium (EBM; Lonza; CC-3121)
with 0.2% bovine brain extract, 5 ng/ml rh EGF, 10 mM L-
glutamine, 0.75 Units/ml heparin sulfate, 1 µg/ml hydrocorti-
sone, 50 µg/ml and 10% fetal bovine serum, hereafter referred
to as EBM. HUVEC culture flasks for were coated with Embry-
oMax 0.1% Gelatin Solution (Merck/Sigma Aldrich) for at least
30 min at 37°C and 5% CO2. Mesenchymal stem cells were
obtained from ATCC, LGC-standards and cultured in α Mini-
mum Essential Medium (αMEM; Gibco; 22571020) with 10%
fetal bovine serum (FBS; Gibco), 100 U/mL of penicillin and
100 µg/mL of streptomycin, hereafter referred to as αMEM.
All experiments were performed with HUVECs at passage 15
to 19 and MSCs at passage 8 to 10. Morphology of cells dur-
ing regular culture and experiments was studied using phase
contrast microscopy (Nikon).

2.5 Immunofluorescent staining
Cells were fixated for 15 minutes with 4% paraformaldehyde
(PFA) at room temperature, after which they were washed
with PBS three times. Permeabilization of the cells was done
with 0.1% Triton-X 100 in PBS solution for 20 minutes. After

washing three times with PBS, cells were blocked with 1% w/v
bovine serum albumin (BSA) in PBS for 1 hour at room tem-
perature. Then, cells were incubated with primary antibodies
overnight at 4°C. Primary antibodies used were rabbit anti-
vascular endothelial cadherin (VE-cadherin; adherens junc-
tions; Invitrogen) at 1:100 dilution from a 0.25 mg/mL stock so-
lution or mouse anti-zona occludens-1 (ZO-1; tight junctions;
Invitrogen) at 1:100 dilution from a 0.5 mg/mL stock solution.
Samples were washed three times between each addition of
any further staining.

The secondary antibodies used are: goat anti-mouse
Alexa Fluor 488 (GFP; Invitrogen) at 1:400 dilution from a 2
mg/mL stock (Section 2.8); goat anti-rabbit Alexa Fluor 647
(Cy5; Invitrogen) at 1:200 dilution from a 1 mg/mL stock (Sec-
tion 2.8); goat anti-rabbit Alexa Fluor 488 (GFP; Invitrogen)
at 1:400 dilution from a 2 mg/mL stock (Sections 2.10-2.12)
To stain the nuclei, cells were incubated for 15 minutes with
4,6-diamidino-2-phenylindole (DAPI; Invitrogen) at 1:200 dilu-
tion from a 1 mg/mL stock. To stain the actin filaments of all
cells, samples were incubated for 15 minutes with Texas-Red-
X Phalloidin (Invitrogen) at 1:200 dilution from 200 U/mL stock
solution. Images were acquired with EVOS FL Imaging Sys-
tem (Invitrogen) fluorescence microscope and Zeiss LSM 880
confocal microscope. After acquisition, images were further
analysed using Fiji ImageJ software [24].

2.6 2D viability assay
HUVECs and MSCs were each seeded in a 96 wells plate at
10,000 cells/cm2 for co-culture or 20,000 cells/cm2 for single
culture controls. All conditions were performed in triplo. Cells
were cultured in EBM, αMEM or a mix of EBM and αMEM in
1:1 volume ratio. After three days of incubation at 37 °C and
5% CO2, a Presto Blue assay (Invitrogen) was performed and
measured with Victor plate reader with D560/10 X (Chroma)
excitation filter nm and D590/10 M (Chroma) emission filter.

2.7 Bilayer imaging on plate
A 96 wells plate was coated with the same collagen solution
used in the chips (section 2.3) and incubated for 30 min at
37°C and 5% CO2. For staining with Cell Tracker, a working
solution with final dye concentration of 15 µM was prepared in
serumfree medium and warmed to 37°C. The harvested cells
were centrifugated, resuspended in the working solution and
incubated for 30 minutes at 37°C and 5% CO2. After incu-
bation, the cell suspension was centrifugated and the super-
natant was aspirated. Stained cells were then resuspended
in regular EBM. MSCs stained with Cell Tracker Red (Invitro-
gen) were seeded with 5,000 cells/well and cultured overnight
in EBM. After 24h, HUVECs stained with Cell Tracker Green
(Invitrogen) were seeded with 10,000 cells/well and cultured
for 3 days at 37°C and 5% CO2. Both co-culture and sin-
gle culture conditions were included in triplo. After incubation,
cells were fixated and stained for DAPI, followed by imaging,
as described in 2.5.

2.8 Endothelial junction formation on plate
A 96 wells plate was coated with the same collagen solution
used in the chips and incubated for 30 minutes at 37°C and
5% CO2. MSCs were seeded with 5,000 cells/well and cul-
tured overnight in EBM. After that, HUVECs were seeded with
10,000 cells/well and cultured for three days at 37°C and 5%
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CO2. Both co-culture as single culture conditions were in-
cluded in triplo. As control, HUVECs were also seeded with-
out coating and 0.1% gelatin coating. After incubation, cells
were fixated and stained for Vascular Endothelial cadherin
(VE-cadherin), Zona occulens 1 (ZO-1) and DAPI, followed
by imaging, as described in 2.5.

2.9 Cell seeding on chip
To ensure a proper flow through the created lumen, the main
channel was first carefully filled with EBM. A pipette tip was
filled with 12 µL of medium and placed in the inlet, sub-
sequently the medium was slightly aspirated with an empty
pipette tip from the outlet to fill the entire lumen with medium.
This was done on all chips before continuing with cell seed-
ing, to allow a few minutes of incubation with medium in the
main channel to establish a cell appropriate environment. Un-
less otherwise indicated, HUVECs were seeded at a density
of 10 x 106 cells/mL and MSCs were seeded at a density of
2 x 106 cells/mL. In co-culture experiments, the chips were
first seeded with MSCs and incubated overnight, followed by
seeding with HUVECs after overnight incubation (day 1).

To seed cells, a pipette tip with 12 µL of cell suspen-
sion was placed in the inlet while EBM was still in the main
channel. As previously described, the cell suspension was
evenly spread throughout the lumen by slight aspiration with
an empty tip from the outlet. The tips with cell suspension
were left in the inlet and outlet during incubation, by storing
the chips in an empty pipette tip box with an additional mini
petridish filled with PBS to add extra humidity. First, the chips
were incubated at 37°C and 5% CO2 upside down for 30 min-
utes to allow adherence of the cells to the top of the lumen.
Next, the chips were flipped upright and incubated at 37°C
and 5% CO2 for another 30 minutes to allow adherence to the
bottom of the channel. After the total 1 hour of incubation,
medium was placed in the side channels by filling a pipette
tip with 15 µL EBM, placing it in the inlet and aspirating the
medium slightly from the outlet with an empty tip. Again, tips
with medium and cell suspension were left during incubation
at 37°C and 5% CO2 overnight.

The next day (day 1) all tips were removed and the chips
were studied with a microscope to visualize the formed sin-
gle layer vessel. In single culture conditions, EBM was re-
freshed in both side channels and the main channel with the
same technique as described before. In co-culture conditions,
side channels were emptied and HUVECs were seeded into
the main channel to create a bilayered vessel. In that case,
EBM refreshment and a second round of chip inspection took
place after overnight incubation with both MSCs and HUVECs
seeded on the chip (day 2).

2.10 Bilayered vessel visualization
MSCs and HUVECs were seeded on the chips following de-
scribed steps for co-culture cell seeding. On day 4, the cells in
the chip were fixated and stained for Phalloidin, VE-cadherin
and DAPI, followed by imaging, as described in 2.5.

2.11 On-chip bilayer imaging
MSCs stained with Cell Tracker Red (Invitrogen) and HUVECs
stained with Cell Tracker Green (Invitrogen), as described
in 2.7, were seeded on the chips following described steps
for co-culture cell seeding. On day 2, the cells in the chips

were fixated and stained for DAPI, followed by imaging, as
described in 2.5.

2.12 On-chip endothelial junction formation
MSCs stained with Cell Tracker Red (Invitrogen), as described
in 2.7, and HUVECs were seeded on chips following de-
scribed steps for co-culture cell seeding. Additionally, some
chips were seeded with only HUVECs in single culture on day
1. On day 2, the cells in the chips were fixated, stained for
VE-cadherin and DAPI, followed by imaging, as described in
2.5.

3 Results

3.1 2D viability assay
To find the most suitable medium for co-culture conditions,
a Presto Blue cell viability assay was performed. Cell mor-
phology and metabolism was examined after three days of
single or co-culture in three different medium conditions. The
used medium conditions were HUVEC medium (EBM), MSC
medium (αMEM) and a 1:1 volume ratio mix of EBM and
αMEM (Combi). Results are given in Figures 5 and 6.

Figure 5 shows the fluorescent values measured of each
conditions after the Presto Blue assay. The highest fluo-
rescent value corresponds to the highest metabolism, which
is in EBM for all cell culture conditions. It is apparent that
the metabolism for MSCs in EBM is much larger than the
metabolism in αMEM. Metabolism for HUVECs in αMEM is
close to zero, which corresponds with the clumps of dead
cells seen in Figure 6B. Additionally, co-culture conditions
show metabolism in between MSC and HUVEC metabolism
for each medium condition. Similarly, the 1:1 mixed combina-
tion medium shows fluorescent values in between EBM and
αMEM values. After this experiment EBM was used for all
co-culture conditions.

Fig. 5: The fluorescent value measured with Victor Plate
reader after Presto Blue assay. single culture and co-culture
of HUVECs and MSCs were cultured for three days in EBM,
αMEM or combination medium (1:1 mix). Data represents
mean ± SD, n = 3.
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Fig. 6: Representative phase contrast microscopic images of (A) HUVECs single culture in EBM, (B) HUVECs single culture
in αMEM, (C) MSCs in single culture in EBM and (D) HUVECs and MSCs in co-culture in EBM. HUVECs cultured in αMEM
showed clumps of dead cells, visible at the arrow.

Figure 6 shows the morphology of single culture HU-
VECs in EBM, single culture HUVECs in αMEM, single cul-
ture MSCs in EBM and co-culture of HUVECs with MSCs in
EBM. HUVECs cultured in αMEM show clumps of round cells,
while HUVECs in EBM form a confluent layer over the en-
tire surface. MSC single culture in EBM shows spread out
MSCs over the surface forming a confluent layer of cells. In
the co-culture of HUVECs with MSCs, distinguishing different
cell types is not possible, but different morphological cells are
visible compared to single culture conditions.

3.2 Bilayer imaging on plate
To see whether the two cell type layers mix, an experiment
in collagen gels was conducted. Both cell types were stained
with Cell Tracker to be able to distinguish easily between cell
types. MSCs were stained with Cell Tracker red and seeded
on the collagen gel 24 hours prior to HUVECs, which were
stained with Cell Tracker green. After three days of culture,
cell were fixated and stained for DAPI. Images were taken
with EVOS to analyse the separate or mixed layers (Figure 7).

With DAPI staining, it became visible that the Cell Tracker
did not fully stain all cells, as more nuclei are visible than
red or green signals. The HUVECs, stained with green Cell
Tracker were visible with the GFP filter, but also with the RFP
filter used for MSCs stained with red Cell Tracker, meaning
that there is spectral bleedthrough between the red and green
dye. The RFP filter was interchanged with a Texas Red filter
to visualize the red MSCs without disturbance of the green
HUVECs in the image.

Figure 7 shows MSC single culture, HUVEC single cul-
ture and MSC with HUVEC co-culture. Both cell types were
unable to form a fully confluent cell layer in all experimental
conditions. In co-culture (Figure 7C) both green and red sig-
nal is visible in the same plane of focus and no clear separate
layers of color were visible.

3.3 Endothelial junction formation on plate

To see whether co-culture with MSCs stimulates the forma-
tion of endothelial junctions between HUVECs, another ex-
periment in collagen gels was conducted. MSCs were seeded
on the collagen 24 hours prior to HUVECs. After three days
of culture, cells were fixated and stained for ZO-1 (tight junc-
tions), VE-cadherin (adherens junctions) and DAPI (nuclei).
Images were taken with EVOS to visualize the endothelial
junctions (Figure 8)

In all experimental conditions, there is little to no signal of
ZO-1. MSCs in single culture (Figure 8A) also do not show
VE-cadherin signal, while HUVECs in single culture (Figure
8B) show small network structures for VE-cadherin. MSCs
and HUVECs in co-culture (Figure 8C) show larger network
structures for VE-cadherin with a more intense signal at the
periphery of the cell. The controls with HUVECs on a non-
coated surface (Figure 8D) or the standard gelatin coating
(Figure 8E) show large spots of VE-cadherin but do not form
network structures as seen in the collagen gel conditions. Ad-
ditionally, VE-cadherin signal is more visible at parts of the
cell membrane in contact with other cells.
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Fig. 7: Representative EVOS overlay microscopic images of (A) MSCs stained with red Cell Tracker in single culture, (B)
HUVECs stained with green Cell Tracker in single culture and (C) MSCs (red) and HUVECs (green) in co-culture. Red MSC
signal and green HUVEC signal is visible in the same plane of focus in co-culture conditions. Samples were cultured in collagen
gel for three days, fixated and stained for DAPI Used filters are Texas Red, GFP and DAPI with 10x objective.

Fig. 8: Representative EVOS overlay microscopic images of HUVEC and MSC single cultures and co-culture in collagen gel
after three days of culture, fixation and staining of the nuclei for DAPI, tight junctions for ZO-1 and adherens junctions for
VE-cadherin. ZO-1 was not clearly visible in any experimental condition. (A) MSCs in single culture. No VE-cadherin signal
is visible. (B) HUVECs in single culture. For VE-cadherin, small network structures are visible. (C) MSCs and HUVECs in
co-culture. For VE-cadherin, large network structures are visible with a strong signal at the periphery of the cell. (D) HUVECs
in single culture on a non-coated surface. (E) HUVECs in single culture on 0.1% gelatin coated surface. Both conditions without
the collagen gel show large spots of magenta signal, seemingly staining the entire cell membrane. A small amount of signal is
found at the periphery of the cell, mostly at the cell membrane contacting with neighboring cells. Used filters are Cy5, GFP and
DAPI with 10x objective.

3.4 Bilayered vessel visualization
To start on-chip experiments, the protocol for seeding MSCs
and HUVECs was sligthly improved. Pipetting technique,
method of wire-removal, upside down incubation time and
time between seeding was varied, which resulted in the more
optimal seeding protocol as described in 2.9. After that, MSCs
and HUVECs were succesfully seeded together on-chip to
form a bilayered blood vessel-on-chip. MSCs were seeded 24
hours prior to HUVECs on day 0. To visualize the formation
of a bilayered vessel, the cells were cultured for 4 days, fix-
ated and stained for phalloidin (actin filements), VE-cadherin
(adherens junctions) and DAPI (nuclei). Images taken with

phase contrast microscope, EVOS and Zeiss confocal micro-
scope are shown in Figures 9, 10 and 11.

Figure 9 shows several chips seeded with with MSCs and
HUVECs. The lumen seeded with MSCs only (Figure 9A)
shows that MSCs lay neatly in the lumen, forming a thin layer
which is specifically visible at the lateral sides. The lumen
seeded with both MSCs and HUVECs shows that MSCs have
a more stretched out morphology within the collagen matrix,
as seen in Figure 9B. HUVECs are more spread within the en-
tire lumen and better visible in the middle of the lumen, com-
pared to the MSCs. Figure 9C shows escaping cells outside
of the lumen between the micropillars. After fixation, includ-
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Fig. 9: Representative phase contrast microscopic images of several seeded chips. (A) Seeded lumen with MSCs on day 1.
(B) Seeded lumen with MSCs and HUVECs on day 4 (different chip than A). (C) Seeded lumen with MSCs and HUVECs before
fixation on day 4. Escaping cells are visible between the micropillars. (D) Seeded lumen from (C) after fixation. It is visible that
less cells are present in the lumen after fixation compared to the lumen before fixation.

Fig. 10: Representative EVOS microscopic images of lumen seeded with both MSCs and HUVECs after four days of culture,
fixation and staining.(A) Actin filaments of MSCs and HUVECs stained for Phallloidin (RFP-filter). MSCs are layed around
the lumen, but do not form a vessel-like structure. (B) Overlay of nuclei stained for DAPI (DAPI-filter) and adherens junctions
stained for VE-cadherin (GFP-filter). (C) Merged image of (A) and (B) showing phalloidin stained MSCs spreading along the
vessel created by HUVECs forming adherens junctions. Used filters are Texas Red, GFP and DAPI with 10x objective.

ing three times washing with PBS, less cells are visible in the
lumen, but present cells seem properly attached (Figure 9D).

The chip in Figure 9B after fixation and staining is shown
in Figure 10. Phalloidin stains the actin filaments of both HU-
VECs and MSCs in red (Figure 10A). However, the actin fil-
aments are more strongly stained in the MSCs, resulting in
a clear image of the MSC morphology. MSCs to be laying
along the side of the lumen without forming a vessel-like struc-
ture. They show a stretched out morphology, spanning a large
surface of the vessel created by HUVECs (Figure 10C). VE-

cadherin in green shows a vessel is formed out of a single
layer of HUVECs connecting to each other by adherens junc-
tions (Figure 10B). VE-cadherin signal is highest at the pe-
riphery of the cells.

Microscopic images taken with a confocal microscope are
shown in Figure 11. VE-cadherin shows clearly at the periph-
ery of the cell and MSCs visible lay around the lumen with
a stretched out morphology. However, further investigation
showed that only the bottom of the lumen was seeded with
cells, meaning that a full vessel was unable to be formed.
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Fig. 11: Representative confocal microscopic images of lumen seeded with both MSCs and HUVECs after four days of culture,
fixation and staining. VE-cadherin is most intens at the periphery of the cell showing the adherens junctions formed by HUVECs.
MSCs are visibly laying around the lumen in the collagen matrix with a stretched out morphology. Fluorescent images were
acquired with 10x objective.

Fig. 12: Representative EVOS microscopic images of lumen seeded with both MSCs and HUVECs after one day of culture,
fixation and staining for DAPI. MSCs are stained with red Cell Tracker and HUVECs are stained with green Cell Tracker. (A)
Seeded lumen with HUVECs and MSCs. (B) Seeded lumen with HUVECs and MSCs at higher magnification, where MSCs
seem more numerous on one lateral side of the vessel. (C) Seeded lumen with HUVECs and MSCs. MSCs are present in
lumen, but HUVECs have also spread throughout the rest of the chip. Used filters are Texas Red, GFP and DAPI with 4x (A,C)
or 10x (B) objective.

Fig. 13: Representative confocal microscopic images of lumen seeded with both MSCs and HUVECs after one day of culture,
fixation and staining for DAPI. MSCs are stained with red Cell Tracker and HUVECs are stained with green Cell Tracker. Bottom
(A), top (B) and lateral sides (C) were inspected to analyse the integrity of the seeded lumen. Orthogonal views of the lumen
(D) revealed cells were only present at the bottom of the lumen. Fluorescent images were acquired with 10x objective.
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Fig. 14: Representative EVOS microscopic images of lumen seeded with both MSCs and HUVECs after one day of culture,
fixation and staining for DAPI and VE-cadherin. MSCs are stained with red Cell Tracker. (A-C) Lumens seeded with HUVECs
and (D-F) lumens seeded with both MSCs and HUVECs. No lumen is covered with a fully confluent layer of HUVECs. Mono-
layered vessels show a little amount of cells outside of the lumen. Bilayered vessels show a large amount of HUVECs between
the micropilars, outside of the lumen. Used filters are Texas Red, GFP and DAPI with 10x objective.

3.5 On-chip bilayer imaging
To see whether the two cell type layers mix on-chip, the bi-
layer imaging experiment on a plate was performed on a chip
as well. Both cell types were stained with Cell Tracker to be
able to distinguish easily between cell types. MSCs (red) were
seeded on the chip 24 hours prior to HUVECs (green). After
one day of culture, cell were fixated and stained for DAPI. Im-
ages were taken with EVOS and Zeiss confocal microscope
to analyse the layers of the formed vessel (Figure 12 and 13).

A lumen was seeded and imaged with 4x and 10x objec-
tives (Figure 12A-B). The higher magnification seems to show
more MSCs towards one lateral side of the lumen. In other
chips, the HUVECs were not only located in the lumen, but
spread towards other channels of the chip, as seen in Figure
12C. The MSCs do seem to have attached to the sides of the
lumen, but this is only visible in a small part of the lumen.

The lumen in Figure 12A and B was images with Zeiss
confocal to investigate the formed structure. Figure 13 shows
a seeded bottom layer (A), but the top layer (B) is mostly
empty. Only on one lateral side cells were present (C) and or-
thogonal view (D) reveals merely the bottom of the lumen was
seeded, forming approxiametly one-third of the vessel struc-
ture.

3.6 On-chip endothelial junction formation
To see whether co-culture with MSCs stimulates the formation
of endothelial junctions between HUVECs in a vessel, another
on chip experiment was conducted. MSCs were stained with
Cell Tracker red and seeded 24 hours prior to HUVECs. After
one day of culture, cell were fixated and stained for DAPI and
VE-cadherin. Images were taken with EVOS and Zeiss con-

focal microscope to visualize the endothelial junctions formed
in monolayered or bilayered vessels (Figure 14, 15 and 16).

Figure 14A-C shows lumens seeded with HUVECs only.
VE-cadherin shows the adherens junctions between the HU-
VECs forming a vessel-like structure. However, HUVECs are
not only visible in the lumen, but also between the micropil-
lars (B). The cells do not seem to be forming a fully confluent
layer. This is also visible in Figure 15, which shows confocal
images of bottom (A) and top (B) of the lumen. Especially
the top layer is not confluent enough to cover the surface of
the lumen. The lateral sides (C) are clearly seeded with cells.
Orthogonal views reveal that cells are present all around the
lumen.

Figure 14D-F shows lumens seeded with both MSCs and
HUVECs. VE-cadherin shows that HUVECs seem to be form-
ing vessel-like structures. Again, a lot of HUVECs are also
visible troughout the whole main channel (outside the lumen),
between the micropillar and even in the side channel. MSCs
are visible in the lumen, but also in little amounts between the
micropillars. Similarly to the monolayered vessel, the lumen
is seeded with cells but there is not a confluent layer formed.
This can be seen better in Figure 16. The bottom (A) looks
almost confluent, but the top (B) shows a very little amount
of cells. Lateral sides (C) are clearly seeded with cells, but a
small additional vessel-structure is formed next to the luminal
vessel. Orthogonal views reveal that mainly the bottom half
of the vessel is formed. Another observation was that a large
number of cells seemed to have moved all the way to the top
or bottom of the main channel, forming a monolayer of cells
across the width of the whole channel (data not shown).
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Fig. 15: Representative confocal microscopic images of lumen seeded with HUVECs after one day of culture, fixation and
staining for DAPI and VE-cadherin. Bottom (A), top (B) and lateral sides (C) were inspected to analyse the integrity of the
seeded lumen. Top and bottom views show cells are not fully covering the surface of the lumen. Orthogonal views of the lumen
(D) revealed cells were present all around the lumen. Fluorescent images were acquired with 10x objective.

Fig. 16: Representative confocal microscopic images of lumen seeded with both MSCs and HUVECs after one day of culture,
fixation and staining for DAPI and VE-cadherin. MSCs are stained with red Cell Tracker. Bottom (A), top (B) and lateral sides
(C) were inspected to analyse the integrity of the seeded lumen. Top and bottom views show cells are not fully covering the
surface of the lumen, especially on the top. Lateral view indicates a small additional vessel structure formed outside of the
lumen, visible at the arrows. Orthogonal views of the lumen (D) revealed cells were mostly covering the bottom of the lumen.
Fluorescent images were acquired with 10x objective.

4 Discussion

The extravasation of circulating tumor cells is a challenging
process to study due to its brief and rare occurence. Since it
is of great clinical importance to understand more about this
step in the metastatic cascade, several in vivo and in vitro
studies have been performed [9]. These studies include mul-
tiple microfluidic devices, but these often fail to implement an
accurate blood vessel model consisting of multiple concentric
layers. In this study, the aim is to create a bilayered blood
vessel-on-chip model consisting of a MSC support layer sur-
rounding a HUVEC monolayer.

First, the most suitable medium for co-culture needed to
be found. In Figure 5 the results of the viability assay are
given. It is apparent that the metabolism of HUVECs in αMEM
is extremely low. Dead HUVECs are also visible in Figure
6B. A plausible reason would be that αMEM simply lacks the
essential growth supplements present in EBM (e.g. EGF)
which are needed for endothelial proliferation. It is also vis-
ible that MSCs’ metabolism is much higher in EBM than in
αMEM, while αMEM is the regular culture medium for MSCs.
EBM is enriched with necessary growth supplements for en-
dothelial proliferation. These supplements include rh EGF, L-
glutamine, heparin sulfate and hydrocortisone, and could po-

tentially influence the proliferation or differentiation of MSCs
as well. It is suggested that rh EGF stimulates the prolifer-
ation of MSCs without affecting the differentiation process or
potential [25]. Similarly, L-glutamine promotes MSC prolifer-
ation, inhibits the secretion of pro-inflammatory cytokines IL-
1β and IL-6, and stimulates the secretion of anti-inflammatory
cytokines IL-10 and TGF-β [26]. In contrast, hydrocortisone
negatively affects the MSC proliferation and also inhibits the
osteogenic differentiation while stimulating early adipogenic
differentiation [27].

Overall, it was concluded that EBM is the most suitable
medium for co-culture conditions. It could be useful to study
potential differences in gene expression between MSCs cul-
tured in EBM or αMEM, ensuring the enhanced MSC prolif-
eration in EBM does not affect the differential properties of
MSCs.

To see whether the two cell type layers would mix, an ex-
periment in collagen gels on a plate was conducted. Figure
7 shows the EVOS images of the bilayer imaging experiment
on a plate. However, as mentioned in Section 3.2, the Cell
Tracker staining failed to stain all cells properly, as not all nu-
clei showed a surrounding green or red signal. We suspect
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three possible causes for the partially failed staining. Firstly,
Cell Tracker fluorescent probes are able to pass through the
cell membrane, but become cell-impermeant products by re-
acting with thiol groups in the cytoplasm [28]. Serum can pre-
maturely react with the probes, disabling entry into the cell
[29]. This is why staining should be performed in serum-free
medium. If there was a small amount of serum left with the cell
pellet, this could have partially inactivated the staining. Sec-
ondly, the concentration of the dye in the working solution sig-
nificantly affects the amount of fluorescence, especially when
cells are cultured for 72 hours or longer. If the concentration
was too low, the signal could have faded over the three day
culture period, resulting in little signal after fixation. At last,
during the staining procedure it was observed that cells sedi-
mented to the bottom of the tube during the incubation in the
Cell Tracker working solution. This could have resulted in the
solution not being able to reach all cells properly, since they
were closely packed together.

To analyse whether the two cell layers will mix, it is impor-
tant that confluent cell layers are formed. Otherwise, gaps in
the cell layers would allow cells from one type to easily break
through and be visible in between the other cell layer. Un-
fortunaly, it does not seem like there is a confluent cell layer
formed in any condition during the experiment. In combination
with the incomplete staining, this means that no clear conclu-
sions can be drawn about the mixing of the two cell type layers
even though red and green signal is visible in the same focus
plane.

If this experiment were to be repeated, the Cell Tracker
staining should be improved and a more confluent cell layer
will have to be formed (e.g. by seeding more cells). Also, it
would be most suitable to use confocal microscopy to analyze
the two cell layers.

To see whether co-culture with MSCs stimulates the for-
mation of endothelial junctions between HUVECs, another ex-
periment in collagen gels was conducted. The formation of
endothelial junctions on a plate is shown using EVOS images
(Figure 8) A first observation is that ZO-1 was poorly visible
in all experimental conditions. In some conditions it showed
vaguely throughout the entire cell cytoplasm and slightly more
intense in the nucleus, while it is expected to stain tight-
junctions on the cell membrane. To get better ZO-1 signal
around the periphery of the cell, a confluent layer of cells
needs to form and culture for another minimal 24 hours [30].
It is likely that the HUVECs did not form a confluent enough
layer, inhibiting the cells from forming mature tight-junctions.

The VE-cadherin staining is most intense at the cell mem-
brane in contact with neighboring cells and shows that larger
network structures are formed by HUVECs in co-culture with
MSCs, compared to HUVECs in single culture (Figure 8).
Other studies have used MSCs since they have the ability
to promote vessel formation by producing pro-angiogenic cy-
tokines such as VEGF, IL-1β , IL-6, Il-8, TGF-β [31]. Study-
ing the difference in gene expression between co-cultures
and single cultures specifically for pro-angiogenic cytokines
and growth factors, could give useful insights in the effects
of MSCs on endothelial junction formation between HUVECs.
This experiment also showed that the collagen gel created an
appropriate environment for HUVECs to form network struc-
tures through adherens junctions, since the control condi-
tions with gelatin coating and without coating showed less ad-

herens junctions. These controls also showed large spots of
VE-cadherin signal, staining the entire cell.

After some slight optimization of the seeding protocol,
cells were seeded on chips. Figure 10 shows a seeded lu-
men with both HUVECs and MSCs, where HUVECs seem to
have formed a vessel-like structure. However, further analy-
sis with Zeiss confocal microscope (Figure 11) revealed only
the bottom of the lumen was seeded with cells. Cells seem
to attach more easily to the bottom of the lumen, so further
optimization of the incubation protocol is necessary. Leaving
the chips upside down first for a longer time before flipping
them upright could be a potential solution. Additionally, HU-
VECs are very likely to have moved throughout the rest of chip
instead of having stayed in the lumen, resulting in less cells
being left in the lumen to properly attach to the collagen matrix
surface. Pipetting the cell suspension into the main channel
should be done extra carefully. Also, taking out the previous
cell suspension to seed with the second cell type could make
it easier for the second cell suspension to stay in the main
channel. However, taking out the first suspension would re-
sult in more detachment of the first cell type.

The MSCs showed a stretched out morphology along the
side of the lumen, but this could be influenced by flow through
the main channel and connecting the chip to a circulatory sys-
tem would be more accurate. Unfortunately, it was observed
that a lot of cells were already washed away during the fixa-
tion process, which includes multiple times washing with PBS
(Figure 9). It should be investigated how the cells could at-
tach more strongly to the luminal surface, to make sure that
the vessel structure can handle flow through the lumen with-
out losing cells.

The bilayer imaging experiment on a plate was performed
on chip as well. Analysis with confocal microscope revealed
that cells were mainly on the bottom side of the lumen and
were not forming a confluent monolayer of cells around the lu-
men (Figure 13). Similarly to the plate experiment, without the
formation of a confluent layer it is not possible to draw clear
conclusions about the mixing of two cell layers. Cell Tracker
staining showed less clearly the formation of the vessel, since
it stains the entire cytoplasm. Since the MSCs and HUVECs
are likely to be in close proximity, staining with VE-cadherin for
HUVECs and a different specific marker for MSCs could give
a more clear image. Specific markers could be CD271/NGF
R and STRO-1 [32, 33]. However, these markers should be
previously tested on the cells used in the experiment, since
they are specific only towards certain MSC lines and could
potentially show overlap with endothelial cells.

Next, chips were seeded with only HUVECs or both MSCs
and HUVECs to compare the formation of endothelial junc-
tions in monolayered and bilayered vessels, respectively. Fig-
ure 14 shows both monolayered and bilayered seeded lu-
mens. In bilayered chips it was noted that a large number
of cells were present all the way at the top or bottom of the
main channel outside of the lumen, forming a monolayer of
cells across the entire width of the channel (data not shown).
Again, there were also a lot of cells present in between the
micropillars and in the side channels. It seems to be a prob-
lem that the cells are moving to unwanted locations outside of
the lumen, which was more frequently observed in chips that

12



were seeded with both cell types. This is seen as well in Fig-
ure 16, where there is an additional vessel structure formed
next to the lumen.

A possible explanation could be the ability of MSCs to
remodel the extra cellular matrix (ECM). Matrix metallopro-
teinases (MMPs) are enzymes involved in degrading ECM
components such as collagen, and their expression by MSCs
can be upregulated under certain conditions [34]. This remod-
eling process likely plays a role in facilitating the migration
of endothelial cells [35]. Recreating the basal lamina might
limit the direct effects of matrix remodeling by separating the
MSC and HUVEC layers. Therefore, MSCs would initially re-
model the outer regions of the collagen rather than the luminal
surface, potentially reducing its permeability to HUVECs and
thereby preventing HUVEC migration.

Confocal microscopy revealed that the monolayered ves-
sel (Figure 15) had cells seeded all around the lumen, al-
though the surface was not fully covered with HUVECs. The
bilayered vessel (Figure 16) showed that mainly the bottom
part of the lumen was seeded with cells. It is possible that
the MSCs are interfering with the adherens of HUVECs to the
surface of the lumen, mainly with the top side. Whether this
is a direct effect of the MSCs or a consequence of the addi-
tional steps of the seeding procedure is unclear. MSCs could
also be embedded in the collagen gel during chip prepara-
tion [16], to protect them from being washed away during the
seeding of HUVECs and to allow HUVECs to adhere better to
the surface of the lumen. This creates a bit more distance be-
tween the two cell layers, but as seen in Figure 10 and 11, the
MSCs are also laying deeper in the collagen gel with the cur-
rent seeding procedure. Additionally, separating the two cell
layers could reduce the potential effects of matrix remodeling
by MMPs as mentioned previously.

Once the seeding procedure is further optimized to create
all around seeded lumens with both cell types, some addi-
tional research can be performed. The integrity of the vessel
can be analysed with VE-cadherin staining, but the permeabil-
ity of the vessel should be further analysed with for example
a FITC-dextran leakage assay [17]. Within this study different
ratios of the two cell types could be implemented to see the
effect of the number of HUVECs on the vessel permeability in
the presence of MSCs. In this study, the recommended ratio
of 1:5 (MSC:HUVEC) is used [31], but ratios of 1:1 and 1:10
have also been frequently studied [36, 37]. This ratio could
also influence the conservation of the separate two cell lay-
ers, since a more confluent HUVEC monolayer could prevent
MSCs from breaking through [37].

The eventual goal of this blood vessel-on-chip model is to
study the process of extravasation towards a tissue specific
niche. Experiments could be performed with circulating flu-
orescent CTCs to study their transendothelial migration [10]
while implementing tissue specific factors in the metastatic
niche channel [38].

5 Conclusion

To conclude, this study aimed to create a structurally correct
bilayered blood vessel-on-chip model with a mesenchymal
stem cell (MSC) support layer surrounding a human umbili-
cal vein endothelial cell (HUVEC) monolayer. The developed

model was used to investigated the effect of MSCs on the in-
tegrity of the endothelial monolayer.

The findings showed that EBM significantly enhanced
the proliferation of both HUVECs and MSC compared to al-
phaMEM, suggesting it is the most suitable medium for co-
culture conditions. However, incomplete staining and non-
confluent cell layers hindered clear conclusions on MSC and
HUVEC layer mixing. Nonetheless, co-culturing MSCs with
HUVECs seemed to enhance endothelial junction formation,
suggesting MSCs may support endothelial integrity, which is
possibly mediated by pro-angiogenic cytokines.

Achieving uniform cell attachment throughout the lumen
was found to be difficult during the cell seeding on the mi-
crofluidic chips. Cells primarily attached to the bottom surface
of the lumen, which highlights the need for improvements in
the protocol to enhance cell adhesion within the lumen and
prevent cell loss during fixation or under flow conditions. Em-
bedding MSCs in the collagen matrix during chip preparation
could be a possible solution to improve HUVEC adhesion.

While this study established a foundational model, further
optimization of the seeding procedure is necessary to achieve
clinically relevant and reproducible results. The results help to
understand the interaction of MSCs with HUVECs within mi-
crofluidic systems and show the critical need for advanced
techniques to further study the complex process of metasta-
sis.
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