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d application of a dynamic tumor-
vessel microsystem for studying different stages of
tumor metastasis and evaluating anti-tumor drugs

Bolin Jing, ab Yong Luo, c Bingcheng Lin,d Jianjun Li,*a Zhuo A. Wang*a

and Yuguang Du*a

Tumor metastasis is one of the main causes of cancer-related death, and it is difficult to study the whole

process of tumor metastasis in vivo due to the complex physiological environment in the body.

Therefore, it's crucial to develop simple and physiologically relevant in vitro cancer models to study the

metastasis process, especially different phases of tumor metastasis. A novel microfluidic tumor-vessel

co-culture system was established to reproduce the different phases of cancer metastasis (proliferation,

migration, intravasation and adherence) individually in vitro for the first time. It was observed that blood

vessels with fluid flow had big impact on metastasis of liver cancer cells HepG2 and breast ones MDA-

MB-231. In particular, it was found that both HepG2 and MDA-MB-231 cells migrated in the direction of

“blood flow”. Furthermore, MDA-MB-231 cells invaded through paracellular mode disrupting the

intercellular endothelial junctions, whereas HepG2 cells engaged in transcellular intravasation through

transcellular process. Compared with traditional assays, much more potent inhibition of 5-fluorouracil

(5-Fu) on different phases of tumor metastasis was observed on the microsystem. In summary, the

microfluidic device yielded abundant information about each phase of tumor metastasis, and would

provide a powerful platform for use in drug screening, toxicology studies, and personalized medicine in

future.
1. Introduction

Cancer is a serious human health problem worldwide.1 It is well
known that breast cancer is one of the leading causes of cancer-
related death among women in the world and liver cancer is one
of the most lethal tumor diseases in China.2 However, metas-
tasis remains one of the most poorly understood components of
cancer pathogenesis.3 It has been proved that metastasis is
responsible for as much as 90% of cancer-associated mortality.4

Anti-metastasis strategies are highly desired for curing cancer.
To fully understand the metastasis process and the mechanism
of malignant tumors, it is very crucial to monitor the metastasis
process in real time and nd corresponding ways to block
cancer metastasis at the early stage.

It is well recognized that metastatic dissemination of cancer
cells is a highly complex and multi-step biological process
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starting with invasion of cancer cells through the extracellular
matrix (ECM) of the stroma toward the blood vessels.5 Metas-
tasis of cancer cells is maintained by the dynamic interplay
between tumor cells andmany distinct types of cells that exist in
the adjacent microenvironment, including endothelial cells,
broblasts, and so on.6,7 The circulatory patterns and the
microarchitecture of the capillary networks of the tumor
microenvironment play key roles in the metastatic spread as
well.8–10 Therefore, it is imperative to reconstitute a bionic
tumor environment and establish a feasible and reliable eval-
uation system for cancer cell metastasis.

In vivo animal models are common platforms used to
investigate tumor proliferation, but most of these models oen
suffered from the inability to directly observe and regulate the
local microenvironment, ethical issues and high cost. Thus, the
attempts to explore all phenomena related with tumor metas-
tasis in vivo were greatly compromised.11,12 In this regard, in
vitro models have been increasingly developed to allow for
better control of the microenvironment and closer monitoring
of the critical phenomena.13,14 For example, Truong and co-
workers developed a 3D microuidic co-culture system to
investigate breast cancer cell invasion into a three dimensional
tumor-stroma microenvironment.15 Sleeboom et al. found that
MDA-MB-231 breast cancer cells and their cancer stem cells
population migrated towards low oxygen in a microuidic
RSC Adv., 2019, 9, 17137–17147 | 17137
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gradient device.16 Zervantonakis et al. developed a microuidic-
based 3D model to recreate the tumor-vascular interface,
allowing for studying tumor cell intravasation.17 So far, tradi-
tional in vitro models, which oen studied only one phase of
cancer metastasis, are unable to monitor each phase of tumor
metastasis: proliferation, migration, and invasion, and lack of
real-time information on invasion dynamics.18 Thus, it is critical
to develop amore physiologically relevant in vitro cancer models
to study and monitor the whole process and/or each phase of
tumor metastasis and assess the effects of anti-tumor drugs on
each phase of metastasis.

Here, a novel microuidic-based tumor-vessel co-culture
dynamic system was established to investigate the different
phases of the cancer metastasis process and evaluate the effects
of anti-cancer drug on each phase of tumor metastasis. A
vascular cavity with uid ow was built in the laminated
microuidic chip. The processes of proliferation, migration,
intravasation and adherence of liver cancer cells HepG2 and
breast ones MDA-MB-231 were studied within the device under
uid ow. Besides, all these processes in the dynamic tumor-
vessel microsystem were also compared with those under
traditional static models. As a commonly used anti-tumor drug,
the anti-metastatic effects of 5-Fu on each phase of tumor
metastasis were evaluated in the current microuidic system.
2. Materials and methods
2.1 Fabrication and assembly of the microuidic device

The tumor metastasis microsystem used in this study was
fabricated from polydimethylsiloxane (PDMS). The PDMS
plates, which were developed by Whitesides et al., were fabri-
cated by so lithography using photoresist (SU8 3035, Micro-
chem) as the template.19 All microchannel layers were
individually prepared by casting PDMS prepolymer (10 : 1 w/w
ratio of PDMS to curing agent) on a microfabricated mold of
the inverse channel design made of photoresist, and curing the
polymer at 60 �C for 12 h. Aer the microchannel layers was
peeled from the wafer, peripheral holes (1.5 mm diameter) for
tubing were punctured on the PDMS plates. Additionally, 5 mm-
diameter holes were made in the center of each PDMS plate to
facilitate connections between the tumor cells and the endo-
thelial monolayer. Porous polycarbonate (PC) membranes with
a 10 mm pore size were placed between PDMS plates for on-chip
cell culture. Aer careful alignment along the vertical direction,
the PDMS plates were superimposed with the top and bottom
PMMA frames, and fastened with screws.
2.2 Culturing and tracking of cells

Breast cancer cells MDA-MB-231 from ATCC were cultured in
1640 medium (1640, Gibco) supplemented with 10% (w/v) of
fetal bovine serum (FBS, Gibco). Liver cancer cells HepG2 were
cultured in MEM medium containing 10% (w/v) of fetal bovine
serum and 1% (w/v) of non-essential amino acids (NEAA,
Gibco). Endothelial cells (EC) EAhy 926 were cultured in DMEM/
F12 medium (DMEM/F12, Gibco) containing 10% (w/v) of fetal
bovine serum. Penicillin (100 units per mL, Gibco) and
17138 | RSC Adv., 2019, 9, 17137–17147
streptomycin (100 mg mL�1, Gibco) were added to all afore-
mentioned media. All cells were cultured in a cell incubator
with 5% CO2 at 37 �C.

Before the microdevice was assembled, all tubes and PDMS
plates were pre-treated with 75% ethanol for 12 h, and the entire
system was then dried in oven at 60 �C. The dried devices were
exposed to ultraviolet light for 30 min. The porous poly-
carbonate membrane was coated with collagen type I hydrogel
at 37 �C. Human umbilical vein endothelial cells EAhy926 (1 �
106 cells per mL) stained by CellTracker™ Blue CMFDA (10mM,
Invitrogen) were seeded on the porous polycarbonate
membrane and incubated at 37 �C for 3–4 h, allowing seeded
endothelial cells to attach to the membrane surface. Then, the
microdevice was assembled as described above. The tubes were
connected to the inlet and outlet holes at the top of the PMMA
frame. The culture medium was infused into the inlets from the
medium tanks with a multi-channel peristaltic pump (205 S/
CA12, WATSON MARLO) and owed through the cavity
between two layers of endothelial cells at a constant ow rate
(120 mL h�1), which produces 1.6 dyn cm�2 shear stress within
the normal physiological range. Aer two days of cultivation,
tumor cells (4 � 105 cells per mL), which were stained by
CellTracker™ Green CMPTX (5 mM, Invitrogen) and wrapped
by type I collagen gel, were seeded onto the upper endothelial
monolayer, as shown in Fig. 1B.
2.3 Analysis of cell viability on the chip

The live/dead cell imaging kit (Molecular Probes, Life Tech-
nologies) was used to evaluate cell viability on the microuidic
device. In the live/dead cell assay, viable cells were stained
green, while dead ones were stained red. Cells were loaded onto
the microuidic device. Aer several days of cultivation, the
culture chambers on the microuidic chip were ushed with
phosphate buffered saline (PBS, HyClone) for 1–3 min. Cells
were then incubated with the live/dead cell imaging reagents for
15–30 min at 37 �C. Next, the culture chambers were ushed
with PBS for 3–5 min to remove the reagents and observed
under a uorescent microscope. The percentage of cell viability
was calculated by dividing the number of viable cells (green) by
the total number of cells.
2.4 Immunouorescent staining

This was done by following the standard protocol. EAhy 926
cells were xed with 4% paraformaldehyde for 15 min, and
permeabilized with 0.1% Triton X-100 in PBS for 10 min, and
blocked with 3% BSA in PBS for 30 min at room temperature.
Cells were then incubated with a VE-Cadherin Polyclonal Anti-
body (555661, BD Biosciences) at 10 mg mL�1 in blocking buffer
for 1 h at room temperature, and washed with PBS, and incu-
bated with a Goat anti-Rabbit IgG (H + L) Superclonal Secondary
Antibody (A10474, Life Technologies) and Alexa Fluor® 594
conjugate at a dilution of 1 : 1000 for 1 h at room temperature.
Cells were stained red, whereas nuclei were stained blue with
DAPI (D1306, Invitrogen). Images were taken under a uores-
cent microscope.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The three-dimensional microsystem of tumor metastasis. (A) Annotated exploded view of the microfluidic device used in this study. (B)
Conceptual diagram of the microsystem of tumor metastasis representing co-culture of tumor cells and the blood vessels.
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2.5 Functional characterization of the endothelial barrier

The barrier-forming capacity of the endothelial monolayer
formed by EAhy926 cells was evaluated by measuring the
Fig. 2 In vitro co-culturing tumor cells and vascular endothelial cells on t
231 and EAhy926 cells after 72 h cultivation on the device, and cells w
microscope. Live cells appeared in green, whereas dead ones appeared i
and EAhy926 cells. The error bars representing the standard deviations c
monolayer on the porous polycarbonate membrane coated with 3D EC
DAPI (nuclei, blue) (scale bar: 50 mm). (D) Effects of incubation time
endothelial monolayer. (E) The Papp values of sodium fluorescein and FITC
across the endothelial monolayer on the third day.

This journal is © The Royal Society of Chemistry 2019
apparent permeability (Papp) value of sodium uorescein
(Sigma) and FITC-labeled dextrans with different molecular
weights (10 kDa, 40 kDa and 70 kDa; Sigma) through the
hemicrofluidics device. (A) Assessment of viability of HepG2, MDA-MB-
ere stained using a live-dead kit and observed under a fluorescence
n red (scale bar: 100 mm). (B) Viability analysis of HepG2, MDA-MB-231
alculated from three parallel assays. (C) Confluency of the endothelial
M hydrogel stained with immunofluorescence (VE-cadherin, red) and
on apparent permeability (Papp) of FITC-dextran (10 kDa) across the
-dextrans with different molecular weight (10 kDa, 40 kDa and 70 kDa)

RSC Adv., 2019, 9, 17137–17147 | 17139

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02069a


Fig. 3 Real-timemonitoring the process of tumor cells metastasis: (1) liver cancer cells HepG2 (green) proliferated quickly after 6 h co-culturing
with endothelial cells EAhy926 (blue); (2) tumor cells migrated through the extracellular matrix toward the endothelial monolayer from 6 h to
18 h; (3) a small fraction of tumor cells in contact with the endothelial monolayer invaded into the “blood vessel lumen” (top and side views).
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endothelial layer. The endothelial cell layer was clamped by two
PDMS spacers. One milliliter of D'Hanks solution containing
sodium uorescein (2 nmol mL�1) or FITC-dextrans (2 nmol
mL�1) with different molecular weights was perfused through
the microchannel of the upper PDMS layer, and the blank
D'Hanks solution was circulated through the lower micro-
channel at a ow rate of 120 mL h�1. Papp was calculated using
the equation below:20

Papp [cm s�1] ¼ (1/AC0)(dQ/dt) (1)

where A ¼ area of mass transfer, C0 ¼ donor concentration of
reagent in the upper medium, and dQ/dt ¼ transmembrane
transportation rate.
2.6 Evaluation of anti-metastatic effect of 5-uorouracil (5-
Fu)

Aer the cancer model was established on the chip as above, the
medium which was infused into cavity between two layers of
endothelial cells was replaced with the fresh culture medium
containing 5-Fu at concentrations of 0.1 mg mL�1, 1 mg mL�1, 10
mg mL�1, and 100 mg mL�1 respectively. Aer 24 h cultivation,
the numbers of tumor cells that proliferated, migrated and
intravasated were counted at 20� magnication under a light
microscope individually. Each type of cells was assayed in
quintuplicate and repeated at least twice.
2.7 MTT assay

For static proliferation assay, MTT assay was done. Tumor cells
were seeded in 96-well plates at a density of 5 � 103 cells per
well. Aer 24 h cultivation, cells were incubated in the absence
17140 | RSC Adv., 2019, 9, 17137–17147
or presence of various concentrations of 5-Fu for another 24 h.
Then, MTT solution (5 mg mL) was added onto the plates, and
incubated at 37 �C for 4 h. Formazan, derived from MTT by
living cells, was dissolved in DMSO (150 mL per well), and the
absorbance at 570 nm wasmeasured. All MTT experiments were
performed in octuplicate and repeated at least 3 times.

2.8 Wound healing assay

For static migration assay, wound-healing assay was performed.
Tumor cells (1 � 105 cells per mL) stained by CellTracker™
Green CMPTX (5 mM) were seeded in 24-well dishes and incu-
bated for 24 h, monolayers were then disrupted with a cell
scraper (1 mm wide). Aer 18 h incubation with or without
various concentrations of 5-Fu, photographs were taken under
a uorescence microscope to calculate the number and migra-
tion distance of tumor cells. Experiments were carried out in
triplicate, and three elds were recorded in each well.

2.9 Transwell assay

For static invasion assays, 5 � 104 cells per mL tumor cells
stained by CellTracker™ Green CMPTX (5 mM) were plated in
the top chamber with collagen type I hydrogel coated
membrane (24-well insert, pore size: 10 mm). Serum-free
medium was added into the upper chamber, and the medium
containing 20% FBS was added into the lower chamber as
a chemoattractant. Aer 24 h incubation in the absence or
presence of various concentrations of 5-Fu at 37 �C, cells that
invaded through the pores into the lower surface of the
membrane were counted under a uorescence microscope.
Three invasion chambers were used per condition, and ve
elds were recorded for each well.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Impact of the endothelium layer on proliferation of tumor cells.
(A) Schematic views of proliferation of tumor cells on the device and
confocal images of tumor cells (green) on the endothelial monolayer
(blue) at 0 h and 24 h (scale bar: 100 mm). (B) Proliferation rates of
MDA-MB-231 and HepG2 cells on the microfluidic system in the
presence of endothelium during 24 h. (C) Proliferation rates of MDA-
MB-231 under static conditions (Static) and on the microfluidic device
in the absence (Flow) and presence (Flow + EC) of endothelium (EC)
monolayer during 24 h. (D) Proliferation rates of HepG2 under static
conditions (Static) and on the microfluidic device in the absence (Flow)
and presence (Flow + EC) of endothelium monolayer during 24 h.
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2.10 Data analysis and quantication

All data were analyzed by averaging the values of at least three
microuidic devices, with each device representing one inde-
pendent experiment. The mean value of each device was
calculated based on the average of at least 5 hydrogel ECM
regions, equivalent to selecting at least 50 tumor cells per
device. Student's tests (two-sample, P < 0.05) and correlation
analysis were performed with GraphPad Prism.
3. Results and discussion
3.1 Microfabrication and evaluation of the microuidic
device

This laminated microuidic device includes two pieces of pol-
ymethylmethacrylate (PMMA) frames and three layers of PDMS
plates with a diameter of 30 mm and thicknesses of 2 mm,
which sandwich two layers of porous polycarbonate (PC)
membranes with a 10 mm of pore size (Fig. 1A). Microchannels
(0.2 mm deep, 0.8 mm wide, and 18 mm long) were fabricated
on each PDMS plate for perfusing cell culture media. As shown
in Fig. 1B, on the inside of two layers of porous PC membranes,
endothelial cells were seeded and a hollow vascular lumen was
This journal is © The Royal Society of Chemistry 2019
formed, tumor cells packaged by collagen type I were seeded on
the surface of endothelial monolayer on the rst layer of the
microuidic system.

Viability of liver cancer cells HepG2, breast ones MDA MB
231, and vascular endothelial cells EAhy926 was evaluated aer
they were cultivated on the microsystem for 72 h. PDMS has
been demonstrated to be a biocompatible material with a vast
array of cell types.21 Consistent with previous studies,22 our
results also conrmed that cancer and endothelial cells showed
around 97% viability on the microdevice aer 3 days of culti-
vation (Fig. 2A and B), indicating that the laminated PDMS
microuidic devices almost had no detrimental effects on cell
survival.

To function as the endothelial barrier, EAhy926 cells were
cultured on the porous polycarbonate membrane for 3 days on
the microdevice to form tight junctions. The endothelial cell–
cell junctions were visualized by immunouorescent staining
VE-cadherin of EAhy 926 cells using a vascular endothelial-
cadherin (VE-cadherin) antibody. As shown in Fig. 2C, endo-
thelial cells formed the continuous cell–cell junctions spanning
the whole area of the porous PC membrane. Furthermore, the
barrier function of the HUVEC layer was assessed by measuring
the Papp values of sodium uorescein and FITC-labeled dextrans
with different molecular weights (10 kDa, 40 kDa and 70 kDa)
across the endothelial layer. Papp of FITC-dextran (10 kDa) was
reduced gradually with extension of incubation time, and was
stable at about 1.5 � 10�6 cm s�1 aer 3 days of cultivation
(Fig. 2D), proving that the endothelial layer became fully dense
on the third day. In addition, the Papp values of FITC-dextran (70
kDa) and FITC-dextran (40 kDa) reached 1.5 � 10�7 and 4.9 �
10�7 cm s�1 on the third day, were lower than that of FITC-
dextran (10 kDa), suggesting that Papp was inversely correlated
with the molecular weights of FITC-dextran (Fig. 2E). These data
demonstrated that the endothelial monolayer on the micro-
uidic device formed a size-selective barrier for trans-endothe-
lial transport, which was similar to those on other microuidic
systems and engineered blood vessels on 3D matrices.23,24

The innovative aspect of our microsystem was to co-culture
tumor cells packaged by collagen type I with endothelial cells
under constant uid ow to mimic the environment of tumor
metastasis in vivo. Blood vessel is a crucial biophysical aspect of
the tumor microenvironment, and has been heavily studied in
metastasis of tumor cells.25,26 However, only several studies
focused on co-culturing tumor cells with endothelial cells on
a two-dimensional plates rather than seeding tumor cells on the
surface of endovascular cortex, which may not accurately
represent physiological behavior of tumor cells.27,28
3.2 Evaluation of tumor metastasis on the microsystem

When serum-free culture medium was owed through the rst
layer of the microsystem and the medium containing 20% of
fetal bovine serum was infused into the inlets of the second
layer between endothelial cells, the whole process of tumor
metastasis was directly observed on the device during 24 h, as
shown in Fig. 3. A number of invasion models of co-culturing
cells that mimiced the tumor microenvironment using
RSC Adv., 2019, 9, 17137–17147 | 17141
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Fig. 5 Effects of “blood flow” between two endothelial monolayers on tumor cells migration. (A) Fabrication of 3D tumor cell clusters: (1) six
holes with a diameter of 0.5 mm punched on each PDMS plate, which was put on the porous polycarbonate membrane coated with collagen
type I hydrogel; (2) magnification of one hole with the magnifying power of 100� (scale bar: 100 mm); (3) schematic view of a 3D tumor cell
cluster on the endothelial monolayer; (4) confocal image of a 3D tumor cell cluster on the endothelial monolayer (scale bar: 100 mm). (B)
Schematic views of the device showing migration of tumor cells on the endothelial monolayer (top) and confocal images demonstrating
migration of tumor cells (MDA MB 231 and HepG2, green) on the endothelium monolayer (EAhy926, blue) (scale bar: 100 mm) (bottom). (C) The
numbers of tumor cells migrating into the extracellular matrix after 18 h. (D) Comparison of the migration distance of tumor cells under static
conditions (Static) and on the microfluidic device in the presence of endothelium (EC) monolayer (EC + Flow) after18 h.
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microuidic devices have been reported.29,30 However, thus far
most microuidic-based models mainly focused on one step of
cancer metastasis such as migration. Inspired by these results,
different stages of tumor metastasis were further investigated
on the microsystem.

3.3 Proliferation and migration of tumor cells on the
endothelial monolayer on the microsystem

Proliferation of tumor cells is the rst step of tumor metas-
tasis.31 To establish a physiologically relevant proliferation
model for tumor cells, human cancer cells were seeded on the
endothelial monolayer within the microsystem, and the culture
medium was owed across two endothelial cell layers providing
nutrients for tumor cells. Aer 24 h of co-culturing, the uo-
rescence images of cancer cells' nuclei demonstrated that
signicant proliferation was observed in a number of tumor
cells (Fig. 4A) (P¼ 0.0026). Under the conditions of the same cell
seeding density and 24 h of cultivation, the proliferation rates of
MDA-MB-231 and HepG2cells reached 277% and 212%
respectively, indicating that the proliferative capacity of MDA-
MB-231 cells was higher than that of HepG2 cells on the
microdevice (Fig. 4B). For comparison, two types of tumor cells
were also cultured on the microuidic system in the absence of
the endothelial monolayer and on 96-well plate for 24 h.
17142 | RSC Adv., 2019, 9, 17137–17147
Quantitative analyses showed that the proliferation rates of two
types of tumor cells on our microuidic system in the presence
of the endothelial monolayer were higher than in the absence of
endothelial monolayer respectively (Fig. 4C and D). Thus, it was
conrmed that the proliferative capability of tumor cells
cultured on the microuidic system in the presence of the
endothelial monolayer was signicantly higher than that of
those cultivated in the absence of the endothelial monolayer.
Similar results were reported previously, since new blood
vessels would be formed to provide nutrition and oxygen for
tumor proliferation at the early stage of tumor metastasis.8,32

Aer tumor cells proliferated to a certain number, they
exhibited migration characteristics across the extracellular
matrix toward the endothelial monolayer.33 In order to build
a tumor migration model close to the physiological environ-
ment in vivo, six tumor cell clusters packaged by 3 mg mL�1 of
collagen type I with a diameter of 0.5 mm were seeded on the
endothelial monolayer within the microsystem (Fig. 5A). Aer
6 h, tumor cells adopted heterogeneous morphology with round
and elongated shapes, and started migrating toward the outer
regions of seeded cancer cells by 18 h (Fig. 5B). Notably, MDA-
MB-231 and HepG2 cells exhibited different migration charac-
teristics. According to the statistical analysis of the distance and
number of tumor cells that migrated, it was concluded that the
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Intravasation of tumor cells. (A) Schematic views of the device containing tumor cells invading into the endothelial monolayer (top), and
confocal images of intravasation of tumor cells (MDA-MB-231 and HepG2, green) across the endotheliummonolayer (EAhy926, blue) destroying
the intercellular protein (VE-cadherin, red) of endothelial cells on the microfluidic system (bottom) after 24 h (scale bar: 50 mm). (B) Confocal
images showing different intravasation routes of tumor cells (MDA-MB-231 and HepG2): MDA-MB-231 invaded through paracellular mode of
intravasation disrupting the intercellular endothelial junctions, whereas HepG2 engaged in transcellular intravasation and enteredmainly through
the endothelial cell body (scale bar: 50 mm). (C) Effects of intravasation of tumor cells (MDA-MB-231 andHepG2) on Papp of FITC-dextran (10 kDa)
across the endothelial monolayer on the microfluidic device after 24 h. (D) Comparison of the number of tumor cells (MDA-MB-231 and HepG2)
invading into the blood vessel lumen on the microfluidic device after 24 h cultivation.
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migration ability of HepG2 cells was signicantly stronger than
that of MDA-MB-231cells (Fig. 5C and D) (P ¼ 0.0255). It was
also found that the migration direction of tumor cells was
consistent with the direction of “blood ow”, an interesting
discovery on this in vitro model (Fig. 5B). Other ndings
demonstrated that interstitial ow dramatically increased the
motility of tumor cells, and tumor cells migrated in the direc-
tion of the ow.34,35 In particular, autologous chemotaxis,
a directed cell migration induced by blood ow, has been
identied as a potentially important mechanism of cancer
migration.36,37 Thus, these results indicated that the blood
vessels with uid ow may play critical roles in controlling the
migration direction of tumor cells.
3.4 Intravasation and adherence of different tumor cells
onto endothelial monolayer on the microsystem

Intravasation of tumor cells into blood vessels was an important
process of tumor metastasis, which was characterized by
migration of tumor cells from the 3D matrix across the basal
endothelial surface and subsequent appearance on the apical
endothelial surface inside the vascular lumen.38 Fig. 6A
demonstrated the characteristics of the intravasation process,
in which cancer cells rst adhered to the apical surface of the
endothelium, then destroyed the intercellular protein of
This journal is © The Royal Society of Chemistry 2019
endothelial cells, and nally invaded into the “blood vessel
lumen”. Due to heterogeneous morphology of different types of
tumor cells, the structures of tumor cells were labeled to further
investigate their invasion behavior. Interestingly, it was
observed that there was a substantial difference between the
intravasation phenotypes of MDA-MB-231 and HepG2 cells.
Intercellular proteins (VE-cadherin) of endothelial cells were
destroyed seriously by MDA-MB-231 cells, invading into the
“blood vessel lumen” mainly through intercellular space of the
endothelial monolayer. However, HepG2 cells invaded into the
endothelial monolayer mainly through the EC body, disrupting
the surrounding basement membrane (Fig. 6A and B).

These results suggested that the routes of transendothelial
migration may be related with the cancer cell types. Several
previous studies reported that tumors cells can intravasate into
the circulating stream in a paracellular fashion by remodeling
cell–cell junctions on the lining of the vessel.39,40 Additionally,
cancer cells can engage in transcellular migration (TCM) where
they cross the endothelial cell cytoskeleton and membrane by
creating transitory pore-like structures.13 Most cancer cells seem
to use a paracellular mode of transendothelial migration in
vitro, and there were only a few examples about the transcellular
route.41 Due to the complex physiological environment in the
RSC Adv., 2019, 9, 17137–17147 | 17143
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Fig. 7 Adherence of tumor cells onto the surface of the lower layer of
endothelial cells. (A) Schematic views of adherence of tumor cells onto
the surface of the lower layer of endothelial cells on the device (top)
and confocal images of circulating tumor cells (MDA MB231 and
HepG2, green) adhering onto the endothelial monolayer (Eahy926,
blue) (bottom) (scale bar: 50 mm). (B) Comparison of the diameter of
tumor cells adhering onto the endothelial monolayer with suspending
ones. (C) Comparison of the number of tumor cells (MDA-MB-231 and
HepG2) adhering onto the surface of the lower layer of endothelial
cells.

Fig. 8 Comparison of the rates of proliferation (A), migration (B) and
invasion/intravasation (C) of cancer cells in the presence of different
concentrations of 5-fluorouracil on traditional 2D platform and our 3D
microfluidic device.
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body, it is not clear which route is actually used by cancer cells
in vivo.42

Intravasation was a rare and inefficient process, and
occurred only for a small fraction of tumor cells in contact with
the endothelial monolayer.43 To examine the detrimental effects
of tumor cells invasion on the endothelial monolayer, the
changes of the endothelial barrier were monitored. A statisti-
cally signicant 10-fold increase in endothelial Papp of FITC-
dextran (10 kDa) was observed (Fig. 6C) (P < 0.0001). To
compare the invasive ability of MDA-MB-231 and HepG2 cells,
the changes of endothelial Papp of FITC-dextran (10 kDa) and
the number of tumor cells invading into the “blood vessel
lumen”were recorded and calculated (Fig. 6C and D). According
to the statistical analysis, the number of HepG2 cells invading
into “blood vessel lumen” was around 79 cells per mm2, while
the number of MDA-MB-231 cells reached 64 cells per mm2. And
the increase in endothelial Papp of FITC-dextran (10 kDa) aer
intravasation of HepG2 cells was much higher than that aer
intravasation of MDA-MB-231 cells. These results demonstrated
that the invasive capacity of HepG2 cells was stronger than that
of MDA-MB-231 cells. This phenomenon may be related with
the different routes of transendothelial migration of two tumor
cells: MDA-MB-231 cells invaded through paracellular mode
disrupting the intercellular endothelial junctions, whereas
HepG2 cells engaged in transcellular intravasation through
destroying the vascular endothelium.

Trafficking of tumor cells through the vasculature and the
arrest of circulating tumor cells on the endothelial layer at
17144 | RSC Adv., 2019, 9, 17137–17147
specic sites are critical steps for metastatic cancer.44 The
current microuidic device was run at dened ow rates within
the range of physiologic levels between two layers of endothelial
cells, and a part of tumor cells, invading into the “blood vessel
lumen”, adhered onto the surface of the lower layer of endo-
thelial cells. As demonstrated by the uorescence images of
cells' nuclei, tumor cells were successfully arrested on the
endothelial layer (Fig. 6A). The diameter of tumor cells was
longer than 25 mm, which was longer than the suspended ones
(10 mm), demonstrating that tumor cells adhered onto the
surface of endothelial cells (Fig. 7B). And it was also found that
a signicantly higher number of HepG2 cells (51 cells per mm2)
adhered onto the surface of endothelial monolayer in compar-
ison with MDAMB-231 cells (32 cells per mm2) (Fig. 7C) (P ¼
0.003). Therefore, this microdevice could be potentially used for
identication of the molecular determinants of trafficking and
the arrest of circulating cancer cells on endothelium at specic
sites of metastatic cancer, which has been limited in large part
by challenges in studying the intravascular microenvironment
under physiological conditions.11
This journal is © The Royal Society of Chemistry 2019
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3.5 Evaluation of the anti-metastatic effects of 5-Fu on the
microdevice

5-Fluorouracil (5-Fu) has been widely used for more than 30
years and is still considered to be one of the key drugs for
treatment of cancers of liver, breast, ovary, and gastrointestinal
tract.45,46 To set up a platform for assessing and comparing the
effects of anti-metastatic drug on different phases of tumor
metastasis, the current microuidic system was used to evaluate
the anti-metastatic effects of 5-Fu. Firstly, as shown in Fig. 8A,
compared with the traditional 2D cell culture plates, the
proliferation rates of both HepG2 and MDAMB-231 cells that
were treated with the same concentrations of 5-Fu on the
microsystem were greatly reduced. And the inhibitory effect of
5-Fu on the proliferation rate of HepG2 cells was more potent
than that of breast cancer cells MDAMB-231 on the microuidic
device. WhenHepG2 cells were treated with 5-Fu at 0.1 mgmL�1,
the proliferation rate of HepG2 was reduced by 52% relative to
the untreated control. Secondly, the migration abilities of both
MDAMB-231 and HepG2 cells were seriously inhibited by 5-Fu
both on the chip and plate, and the inhibitory effects of 5-Fu at
100 mg mL�1 on the migration rate of both HepG2 and MDAMB-
231 on our device and plate were above 80% (Fig. 8B). Finally,
the intravasation rate of MDAMB-231 cells was more strongly
inhibited by 5-Fu than that of HepG2 cells on the microuidic
system, and inhibition of 5-Fu at 1 mg mL�1 on intravasation of
MDAMB-231 cells reached 73% (Fig. 8C). However, the inhibi-
tion rate of 5-Fu on the invasion of HepG2 cells was similar to
MDAMB-231 cells in the Transewell (Fig. 8C). Besides, the
inhibitory effects of 5-Fu on proliferation, migration, and
intravasation of HepG2 andMDAMB-231 cells were all positively
related to the concentrations of 5-Fu.

These results suggested that endothelial cells with “blood
ow” may be critical for the efficacy of 5-Fu on cancer metas-
tasis. During the proliferative phase of tumor cells, functional
vasculature and interstitial uid ow may have major inuence
on drug transport.22 At the stage of tumor cell intravasation, due
to the barrier function of vascular endothelial cells28 and the
different invasion style of various tumor cells,41 the inhibitory
effects of drugs on tumor cells intravasation may be different.
Therefore, tumor-vascular models such as our dynamic micro-
uidic platform may become capable of recapitulating the
desired, human-mimicking, and nuanced responses to drug
treatment at different phases of tumor metastasis.
4. Conclusions

In summary, a dynamic co-culture microuidic system was
established to mimic the whole process of cancer metastasis
and assess the effects of anti-cancer drug on different phases of
metastasis. For the rst time, it was found that proliferation,
migration, and intravasation of tumor cells were signicant
inuenced by endothelial cells with “blood ow” in vitro, and
much more signicant inhibition effects of 5-Fu on prolifera-
tion, migration and intravasation of cancer cells were observed
than those on traditional static models due to the possible
inuence of blood vessel on drug transport, and MDA-MB-231
This journal is © The Royal Society of Chemistry 2019
and HepG2 cells invaded through paracellular mode and
transcellular one respectively. This microuidic system
provided a better way to mimic the in vivo tumor microenvi-
ronment, enabling further exploration of cancer metastasis and
evaluation of anti-tumor metastasis drugs for different phases
of metastasis. Ultimately, this powerful platform will be
potentially used in future drug evaluation, toxicology studies,
and personalized medicine.
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