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ABSTRACT

The vascular structure of the tumor microenvironment (TME) plays an essential role in the process of metastasis. In vitro microvascular
structures that can be maintained for a long time will greatly promote metastasis research. In this study, we constructed a mimicking breast
cancer invasion model based on a microfluidic chip platform, and the maintenance time of the self-assembled microvascular networks sig-
nificantly improved by culturing with fibroblasts (up to 13 days). Using this model, we quantified the invasion ability of breast cancer cells
and angiogenesis sprouts caused by cancer cells, and the intravasation behavior of cancer cells was also observed in sprouts. We found that
cancer cells could significantly cause angiogenesis by promoting sprouting behaviors of the self-assembled human umbilical vein endothelial
cells, which, in turn, promoted the invasion behavior of cancer cells. The drug test results showed that the drug resistance of the widely used
anti-cancer drugs 5-Fluorouracil (5-FU) and Doxorubicin (DOX) in the 3D model was higher than that in the 2D model. Meanwhile, we
also proved that 5-FU and DOX had the effect of destroying tumor blood vessels. The anti-angiogenic drug Apatinib (VEGFR inhibitor)
enhanced the drug effect of DOX on MDA-MB-231 cells, further proving the promoting effect of angiogenesis on the invasion ability of
cancer cells. These results indicate that our model is of great value in reconstructing TME and drug testing in vitro.
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I. INTRODUCTION

In 2020, breast cancer surpassed lung cancer, becoming the

basement membrane’ but also produce a crucial angiogenesis
agent-vascular endothelial growth factor (VEGF-A), promoting the

most common cancer for women and the leading cause of cancer
deaths among women worldwide." In advanced breast cancer,
spread of the cancer throughout the body is caused by the complex
transendothelial migration behavior of cancer cells, making it diffi-
cult to cure cancer.” Therefore, the tumor microenvironment
(TME) with complex microvascular networks has been identified
as one of the driving factors of tumor progression.”” As the most
abundant component in TME,® cancer-associated fibroblasts
(CAFs) not only produce many components of ECM and the

development of cancer angiogenesis.””'’ Some researchers have
also found that the CAF could enhance drug resistance of cancer
cells.'”'* In TME, tumor angiogenesis is the inevitable result of
further development of the cancer.'” New blood vessel structures
are produced in this process, while also destroying the barrier func-
tion of the original blood vessel.*'* Tumor angiogenesis is also a
vital sign, suggesting that tumors turn from benign to malignant.'®
Therefore, constructing an in vitro cancer model containing CAFs
and self-assembled microvascular networks is critical in
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investigating the physiological behavior of cancer and testing the
accurate preclinical effect of anti-cancer drugs.

Most methods for evaluating cancer treatments were first veri-
fied in two-dimensional (2D) monolayer models and then in
animal models.'”” However, animal models cannot reflect the spe-
cific interaction between human cancer cells and blood vessels.'®
2D culture lacks the physical cell-cell interactions of tumors,"”
although it has an advantage in high-throughput drug screening
due to its simple implementation.'” Scientists have gradually real-
ized that simple 2D culture models or animal models are not suffi-
cient enough for complicated tumor metastasis research.”’ 3D
co-culture models have become important methods for complex
vascular simulation’' and tumor invasion research,”” although
their construction still has challenges. The rapid development of
microfluidic chip technology has made it possible to build a 3D
human organ model on a chip, and a new term, the organ chip,
has been derived.”” In the tumor microenvironment in vitro, the
construction of a blood vessel structure is the key. There are two
methods for constructing blood vessel structure on chips, one
was simply attaching human umbilical vein endothelial cells
(HUVECs) to the gel wall for growing,”*”> and another was
forming a blood vessel network through the self-assembly behavior
of HUVECs.”*™* The latter is the more natural morphogenesis of
endothelial cells.”” Kamm et al. introduced several extravasation
models of breast cancer containing self-assembled microvascular
networks within a bone-mimicking microenvironment'® or within
a physiological flow environment.”” Although they provided a
usable model for the extravasation study, the stage of tumor devel-
opment before the formation of circulating tumor cells is more
worthy of attention, starting from the perspective of timely treat-
ment of cancer.”"”” Nagaraju et al. constructed a breast cancer cell
invasion model containing a self-assembled microvascular network
to simulate breast cancer cells’ invasion toward the matrix of the
primary tumor.”’ This model provided a potential to study the
signal transduction in breast cancer cells and self-assembled vessels,
but the vascular structure in this model could not be maintained
for a long time (only 6 days) because of the lack of necessary
stromal cells, such as fibroblasts.” In addition, this model also
ignored the study of vascularization behavior in the process of
tumor invasion.

In this study, a mimicking breast cancer invasion model based
on microfluidic technology was constructed to study the role of the
vascular structure of TME in the process of tumor metastasis. First,
fibroblast cells were involved in the TME to explore suitable
co-culture strategies to develop and maintain the microvascular
networks in vitro. Then, based on the self-assembled microvascular
networks, a breast cancer invasion model was constructed to
analyze and evaluate tumor metastasis behavior from multiple per-
spectives, such as cancer cell invasion, tumor angiogenesis, and
cancer cell intravasation. Finally, the drug tests were carried out to
evaluate the drug resistance differences of the anti-cancer drugs
5-Fluorouracil (5-FU) and Doxorubicin (DOX) between our model
and the 2D model. Meanwhile, we also analyzed the effect of the
combination of anti-cancer drugs (5-FU and DOX) and anti-
angiogenic drug Apatinib (VEGFR inhibitor) on tumor invasion
behavior to illustrate the critical role of anti-cancer drug combina-
tion strategies in tumor treatment.

scitation.org/journal/bmf

Il. MATERIALS AND METHODS
A. Device fabrication

The chip structure pattern was designed using Auto CAD
software and then using it for manufacturing the mask. According
to the standard process, SU-8-2100 (Microchem) was poured on
the 3-in. silicon wafer to form a lithography layer (120 um) at
2500 r/min. Then, the ultraviolet light was shined on the silicon
wafer through the mask after the soft bake. The silicon wafer
became the mold after postexposure bake, development, rinse, and
dry, according to the standard process. Then, polydimethylsiloxane
(PDMS, SYLGARD184, Dow Corning) was poured on the mold
and was solidified at 80 °C for 1 h. The cured PDMS was cut and
punched, and then invisible tapes were used to clean the surface of
the PDMS structure, which needed to be bonded. Then, the PDMS
structure was bonded to a 24 x 60 mm? glass sheet with a thickness
of 0.2 mm to form the microfluidic chip. After that, the chip was
ultrasonically cleaned with 75% alcohol for 10 min and was steril-
ized by the high temperature and pressure sterilization and the UV
irradiation, respectively.

B. Cell culture

Primary human umbilical vein endothelial cells (HUVECs,
8000, ScienCell, <p8) were transduced to stably express fluorescent
protein by lentivirus. The HUVECs were cultured in the endothe-
lial growth medium (EGM, CC3162, Lonza) supplemented with 5%
fetal bovine serum (10100147, Gibco). The breast cancer cell line
MDA-MB-231 cells that were obtained from the Shanghai cell
bank of the Chinese Academy of Sciences were cultured in DMEM
high glucose medium (C11995500BT, Gibco) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin (15140122,
Gibco). MDA-MB-231 cells were also infected by lentivirus to
express the fluorescent protein for observation of the cell morphol-
ogy and migration. Primary human mammary cancer-associated
fibroblasts (HMCAF, HUM-iCELL-f028, iCELL, <p9) were cultured
in a special medium for fibroblasts (PriMed-iCELL-003, iCELL).
The above cells were cultured in an incubator at 37 °C, 5% CO,. In
the process of cell passaging, cells were trypsinized with 0.25%
Trypsin-EDTA (25200072, Gibco) to obtain the cell suspension.

C. Forming pre-existing blood vessels through
vasculogenesis

Human fibrinogen (F3879, Sigma) was dissolved in Ca** and
Mg** free DPBS (14190144, Gibco) to prepare a working solution
at 8 mg/ml. Thrombin (T4648, Sigma) was dissolved in Ca®" and
Mg** free DPBS to obtain a stock solution of 100 U/ml, and then
the stock solution was diluted with EGM to make a working solu-
tion at 4 U/ml. When loading the cells, HMCAFs were resuspended
in thrombin working solution at a cell density of 3 x 10° cells/ml,
and then the cell suspension was mixed with a fibrinogen working
solution at a ratio of 1:1. The mixture was immediately perfused
into the matrix channel of the chip (Fig. 1, Ch2). Waiting for
10 min could ensure the formation of the stable gel in Ch2 and
effectively prevent the gel structure in CH2 from causing any
damage to the perfusion pressure when loading the HUVERC cells
into Chl. The same method was performed to obtain the stable
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FIG. 1. The design of the microfluidic chip and schematic diagram of the construction of the cancer model. (a) The materials were perfused in each channel as follows:
Ch1: HUVECs + Fibrin gel; Ch2: HMCAF + Fibrin gel; Ch3: EGM (to form the self-assembled microvascular networks) or MDA-MB-231 +fibrin gel (to form a self-
assembled vascularized breast cancer model); and M1 and M2: medium channels. (b) We obtained the functional self-assembled microvascular networks through this

program and further constructed the vascularized breast cancer model.

HUVECs gel in the vessel area of the chip (Fig. 1, Chl). The fresh
medium was replaced into the chips every 24 h.

D. Seeding MDA-MB-231 gel into the self-assembled
blood vessel model

At day 3 of developing the self-assembled microvascular
network, the medium in the chip was gently aspirated. The
MDA-MB-231 cell-thrombin suspensions were mixed with the pre-
pared fibrinogen working solution, and then the mixture was
immediately added into the cancer cell channel (Fig. 1, Ch3) to
form 3D tumor tissue. The final cell density of MDA-MB-231 cells
was 1 x 107 cells/ml, and this vascularized breast cancer model was
cultured for 9-11 days. During this period, the growth behaviors of
MDA-MB-231 cells, such as cancer cell invasion, intravasation,
angiogenesis, were recorded by the microscope.

E. Perfusibility measurement of the self-assembled
blood vessel

In order to test the perfusion performance of the self-
assembled blood vessel, 70 kDa FITC-Dextran solution (50 ug/ml,
46945, Sigma) was used. A fluorescence microscope (Dmi8, Leica)
was used for continuous observation of the tracers. The tip of a
pipet was cut and then was inserted into the one side opening
module of the chip. Solid acrylic columns were used to block the
other outlets on the chip, except for the opening module on the
other side. The prepared solution mixed with tracers was loaded
into the tip through a syringe to generate a hydrostatic pressure
gradient along the vertical line of the blood vessel development

area, providing a driving force for the tracer flowing through the
blood vessel.

F. Quantitative analysis of microvascular networks and
vascular sprouting

The software of Angiotool was used to quantitatively analyze
the three development indicators of blood vessels under the same
microscope magnification: vessel percentage area, total vessel
length, and the total number of junctions.’” Vessel percentage area
was the percentage of the blood vessel area in the total area of the
culture region, representing the blood vessel density. The total
vessel length and the total number of junctions, respectively,
referred to the sum of the vessel length and the sum of the vessel
branches in the blood vessel network.”>** S1 in the supplementary
material is a schematic diagram of the analysis of blood vessel
network pictures using Angiotool in this article. The solid yellow
line represents the outline of the blood vessel, and it could be used
to calculate the total coverage area of the blood vessel. The green
line represents the skeleton of the blood vessel, and it can be used
to calculate the total length of the blood vessel. The blue points
represent the vessel branches, and it can be used to analyze the
total number of junctions. The values of the vessels’ percentage
area under different conditions were divided by the valve of the
vessels’ percentage area under the control condition at day 2 to get
the relative vessels’ percentage area, facilitating a comparison
between the values of different conditions. The relative total vessel
length and the relative total number of junctions were obtained
under the same procedure.
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Software Image] was used to quantify the blood vessel diame-
ter, blood vessel sprout area, and average sprout length under the
same microscope magnification.” S2(A) in the supplementary
material was a schematic diagram for calculating the angiogenic
sprout length of blood vessels using Image]. The length of all the
dashed green lines was averaged, representing the average length of
sprout blood vessels. S2(B) in the supplementary material is a sche-
matic diagram for calculating the angiogenic sprout area of the
sprout blood vessel in the yellow dashed box using Image].

G. Immunofluorescence

All liquids are loaded into the chip medium channel. First,
excess PBS solution was added into the chips to wash the cells, and
then 4% paraformaldehyde was used to perform the fixing process
for 20 min at 4°C. Then, the cells were washed with PBS. After
30 min of permeabilization with 0.1% Triton X-100 solution, the
cells were washed again with PBS. A blocking step was then per-
formed using 5% BSA solution (or 4% goat serum solution) for 3 h
at room temperature (RT), and then the primary antibody working
solution was added into the chip, incubating cells overnight at 4 °C.
For vascular barrier markers, mouse monoclonal anti-CD31 (1:100,
Ab24590, Abcam) and mouse monoclonal anti-VE-Cadherin (5 ug/
ml, 14-1449-82, eBiosciencerM) were used to detect the expressions
of the corresponding proteins. Rabbit monoclonal to anti-FAP
(1:100, 66562S, CST) were used to analyze the expression of
HMCAF markers. For the cytoskeleton, we used Phalloidin-iFluor
555 conjugate (1:1000, ab176755, Abcam) to incubate cells at RT
for 1h. After incubating cells with the primary antibody, the cells
were washed with PBS and were incubated with the corresponding
appropriate secondary antibody (A 32731, ThermoFisher; or A
32727, ThermoFisher; or Ab 150113, Abcam) for 1h according to
the added primary antibody species. Then, the cells were washed
again with PBS and were incubated with for DAPI (1:500, C1002,
Beyotime) for 20 min. Finally, the cells were washed with PBS and
were observed under a fluorescence microscope for taking pictures.

H. CCK8 assay and live/dead assay

MDA-MB-231 cells were treated with various concentrations
of 5-FU and DOX for 24 or 48 h in a 96-well plate. Then, the cells
were incubated in a serum-free medium supplemented with 10%
CCK8 solution (Abs 50003, Absin) for 2h at 37 °C. After shaking
the 96-well plate for 5min, the optical density was measured at
450 nm with a microplate reader.

The Live/Dead Cell Imaging Kit (Molecular Probes, Life
Technologies Corporation) was used to evaluate the cell viability of
MDA-MB-231 cells treated with 5-FU and DOX for 24 or 48 h on
a chip. First, PBS was used to wash the chip for 1-3 min. Then, the
cells were incubated with the Live/Dead Cell Imaging Kit for 15-
30 min at 37 °C. Finally, we used PBS again to wash out the reagent
for 3-5 min and observed the chip under a fluorescent microscope.

l. Statistical analysis

For statistical analysis, all values were obtained from three
independent experiments (devices), and the data were expressed as
mean + standard deviation. Values, such as cell number, migration

scitation.org/journal/bmf

distance, and vessel diameter, were obtained from the fluorescent
images by using the image processing and data statistics functions
of the Image]J software and the Angiotool software. Origin software
was used to evaluate significant differences by performing unpaired
two-tailed t-tests, * means p < 0.05, ** means p <0.01, *** means
p <0.001, *** means p < 0.0001, and n means the number of inde-
pendent replicate experiments.

IV. RESULTS AND DISCUSSION
A. Model design and chip design

In order to directly observe tumor vascularization behavior
and screen anti-cancer drug lead compounds, we constructed a
co-culture model containing vascular network tissue and tumor
tissue based on a microfluidic chip. Four types of cells
(pri-HUVECs, imm-HUVECs, HMCAF, and MD-MB-231) were
used to study microvessel development and tumor vascularization
behavior. The structure of this model was improved based on previ-
ous research, guaranteeing the communication of juxcrine and
paracrine signals between different cells in 3D ECM environment.””
This model was designed to achieve the real-time observation of
cancer cell invasion, tumor-related angiogenesis, and subsequently
intravasation of cancer cells. The model mainly contains three gel
channels (Fig. 1, Ch1-Ch3) for the construction of cell 3D growth
environment and two medium channels (Fig. 1, M1-M2) for nutri-
ent supply. The HCMAF fibrinogen solution was added to the
middle matrix channel (Fig. 1, Ch2), and the HUVECs’ fibrinogen
solution was added to the adjacent side channel 10 min later
(Fig. 1, Chl). These two kinds of cells were co-cultured in the gel
for 3 days. During this time, microvascular networks were gener-
ated under the stimulation of special medium, and vascularization
conditions were similar to the previous works.”*™*’ Then, the
MDA-MB-231 fibrinogen solution was added to the cancer area
(Fig. 1, Ch3) at day 3 to finally realize the construction of the vas-
cularized breast cancer model. In the chip, the micro-pillar arrays
separated the different channels.

CAFs were very important components in TME® and even
more in tumor margins.” Many components of the extracellular
matrix of cancer are produced by activated CAF,”” and it can
promote not only tumor angiogenesis’ but also cancer cell inva-
sion.”® Considering such factors, we used human breast cancer-
associated fibroblasts (HMCAF) as supporting cells to construct the
original TME microvascular networks when selecting the cell types
of the matrix channel.

B. Construction of the self-assembled microvascular
networks

We used primary HUVECs (pri-HUVEC:s) as vascular precur-
sor cells to form microvascular networks and compared the growth
of immortalized HUVECs (imm-HUVECs) under the same condi-
tions (S3 in the supplementary material). The result intuitively
showed that imm-HUVECs did not self-assemble into a blood
vessel network, demonstrating the decisive role of primary vascular
endothelial cells in the development of microvascular networks.

By seeding HMCAF and RFP pri-HUVECs into adjacent
channels (Fig. 1, Ch2 and Chl) to simulate paracrine signals,”” we
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monitored the self-assembled behaviors of RFP pri-HUVECs and
observed the development of microvascular networks for 9 days
[Fig. 2(a)]. The results showed that RFP pri-HUVECs had been
developed into the microvascular networks at day 2 after perfusion.
The microvascular networks formed by RFP pri-HUVECs under
the single culture condition gradually faded after culturing for 6-9
days. Then, the values of relative vessel percentage area, relative
total vessel length, and relative total number of junctions were
quantitatively analyzed [Figs. 2(b)-2(d)]. We found that the values
of these three indicators in the HUVECs/HMCAF co-culture group
showed a significant upward trend over time, while in the control
group (or single culture group), they showed a downward trend.
Immunofluorescence staining of the microvascular networks con-
firmed the robust expression of CD31 [Fig. 2(g)] and the HMCAF
marker FAP (S4 in the supplementary material). In addition, we
also found that the microvascular networks sprouted in the direc-
tion of HMCAF, and then the sprouted vessels developed into
larger-diameter vessels [Fig. 2(h)] in the matrix area of HMCAF.
These results fully proved that HMCAF cells could help promote
the formation and maturation of microvascular networks and
maintain the integrity of the structure and function of self-
assembled microvascular networks.

It is worth mentioning that our microvascular networks or
their sprouting structures can be maintained for about 13 days

el
m

Average vessel diameter
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[Fig. 3(a)], while in other studies, they can be maintained at 4-6
days,””" which lays the foundation for the construction of
complex vascularized tissues and long-term in vitro culture
research. Because the microvascular networks were formed in the
fibrinogen under a limited space, the maintenance of vascular
structure stability in our study was inseparable from the continuous
existence of the fibrinogen and the restricted growth of HUVECs.
Due to the continuous degradation of fibrinogen in the process of
cell metabolism,”’ collagen was continuously consumed.
Fibroblasts are the main source of the fibrinogen in the matrix.”
Therefore, the co-culture with fibroblasts could effectively maintain
the fibrous collagen structure for a longer time, which was one of
the main reasons for the long-term maintenance of the vascular
structure in our model. On the other hand, the co-culture contrib-
uted to the competition between the two cells in both biological
nutrients and growth space. The limited space keeps the population
numbers of the two types of cells in a stable equilibrium state,
which may be another possible reason for the long-term mainte-
nance of the vascular structure.

By measuring the average diameter of blood vessels on day 6,
we found that the diameters of blood vessels formed by monocul-
ture and co-culture were both at the micrometer level [20-30 um,
Fig. 2(e)], and this was consistent with the diameter of the micro-
vessel networks in human body tissues.’’ Next, we observed the

Relative gray value
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HUVECs-RFP

FIG. 2. Vascular function evaluation of self-assembled microvascular networks. (a) The image of blood vessel growth over time under control (HUVECs-RFP single
culture) and HMCAF (HUVECs-RFP/HMCAF co-culture) conditions; scale bar: 100 um. (b)-(d) Under different culture conditions, quantitative results of relative vessel per-
centage area, relative total vessel length, and relative total number of junctions (compared with the day 2 control group, n=3). (e) Average vessel diameter of day 6
(n=3). (f) Confocal cross-sectional view of the blood vessel and the cross-sectional diameter of some blood vessels [(i) 28.4 um; (i) 29.8 um; and (iii) 7.6 um]; scale bar:
100 um. (g) CD31 immunofluorescence staining of the self-assembled microvascular networks (CD31, red and DAPI, blue); scale bar: 100 zm. (h) Sprouting vessel mor-
phology in the matrix area of HMCAF (HUVECs-RFP, day 12); scale bar: 100 um. (i) and (j) The relative fluorescence intensity distribution along the red dotted line at dif-
ferent time points after perfusing the blood vessel with FITC-dextran (70 kDa, green); scale bar: 100 zm.
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FIG. 3. Images and analyses of the self-assembled vascularized breast cancer model. (a) The model was imaged on day 4—day 13 under the fluorescence microscope;
scale bar: 500 um. (b) The sprouting vessel morphology under the condition of HUVECs culture alone and HUVECs/MDA-MB-231 co-culture; scale bar: 200 um. (c) The
number of invasions of cancer cells toward the matrix area and (d) the average invasion distance were quantified, taking the pre-existing microvessel region boundary as a
starting point. (e) The average sprout area and (f) the average sprout length of the neovascularization toward the matrix region were quantified. (g) The images of angio-
genic sprouting on days 5, 6, and 8; white arrow: tip cells; white dashed box: stalk cells; and scale bar: 100 um. (h) Confocal imaging of the matrix area in the model
showed that the cancer cells had performed intravasation (white dashed box); scale bar: 200 (left) and 100 um (right). HUVECs: with RFP, MDA-MB-231: with GFP, and

HMCAF: no fluorescence; (c)—(f): n=3.

cross-sectional view of the blood vessel under the co-culture condi-
tion under a confocal microscope, showing that it had a hollow
lumen structure [Fig. 2(f)]. After loading the 70 kDa FITC-Dextran
solution into the medium channel on day 14 (Fig. 1), the fluores-
cence intensity in the blood vessel was more potent than the
surrounding matrix. Also, the measured fluorescence intensity in
the blood vessel was higher than in the surrounding collagen
[Fig. 2(j)]. This result meant that the diffusion rate of
FITC-Dextran was faster in the sprouting blood vessel than in the
surrounding collagen, showing that the original vascular network
was perfusable and had a certain blood vessel barrier function.

C. 3D invasion, anglogenesis, and intravasation
in self-assembled vascularized breast cancer models

The microvascular area had self-assembled into more physio-
logical microvascular networks after three days of blood vessel
development, and then we seeded MDA-MB-231 cells into the chip
and set this day as day 4 [Fig. 3(a)]. This operation could exclude
the influence of the cancer cells on the vascular development and
contributed to the subsequent control analysis. During the culture
process [Fig. 3(a)], cancer cells invaded into the matrix area
(the white dotted line was the boundary of the cancer cell area and
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the matrix area), and the blood vessel network started to sprout
new blood vessels (the yellow dotted line was the boundary of the
microvascular area and the matrix area). The observation and anal-
ysis of the process of blood vessel sprouting is of great significance
in the blood vessel sprouting research,'™*" and our models could
be a very useful platform to meet this need. During sprouting of
blood vessels, the tip cells guided the direction of sprouts, and the
stalk cells would further undergo vascular anastomosis to form
blood vessels with a larger diameter [Figs. 3(a)-3(h)]. In addition,
after adding MDA-MB-231 cells to the pre-existing blood vessel
network, the morphology of the vessels also changed. On day 13,
the blood vessel surface had become rough and tubular structures
tended to break because of excessive vascularization [Fig. 3(b)]. In
the research of others, they also found that tumor cells could
secrete high levels of growth factors to create chaotic blood
vessels,”” and this, in turn, exacerbated the progression of tumors.
Immature tumor blood vessels also led to hyperosmotic pressure of
tumor tissue and, thus, cause difficulty in drug delivery,” which
have become a crucial target of tumor therapy."” These results also
suggested that it was highly necessary to construct the tumor
models with the biomimetic blood vessel environment.

Then, through the quantitative analysis over time [Figs. 3(c)
and 3(d)], we found that there were significant differences in the
number of invaded cells (increased ~256) and the average invaded
distance (increased ~126 um) on day 9 compared with day 5. On
day 9, the cells had already completed large-scale invasion. From
day 9 to day 13, the average invasion distance (increased ~84 um)
was slower than days 5-9, and there was no significant difference,
while the number of invasions increased significantly (about 344).
It showed that more cancer cells had invaded, but the range of
invasion tended to be stable and concentrated in the HMCAF
matrix area. A small number of cancer cells invaded into the pre-
existing self-assembled microvascular area (S5 in the supplementary
material) on day 13.

The average distance and area of angiogenic sprouts in the
matrix area after seeding with MDA-MB-231 cells were analyzed
quantitatively [Figs. 3(e) and 3(f)]. According to the results, we
found that from day 5 to day 9, both the sprouting length incre-
ment and the sprouting area increment were higher than from day
9 to day 13. At day 9, partial angiogenesis had already sprouted
into the cancer cell area (S6 in the supplementary material).
This meant that days 5-9 were the rapid development stage for
tumor-related angiogenesis. During days 9-13, the growth speed of
angiogenesis decreased, and angiogenesis was in a phase of slow
development. Meanwhile, we imaged the model under a confocal
microscope and found that a small number of cancer cells had
invaded into the blood vessels [Figs. 3(g) and 3(h) and S-MOVIE1
in the supplementary material] on day 8. This intravasation behav-
ior of cancer cells was a crucial step in cancer metastasis, and after
this step, circulating tumor cells were produced, becoming the key
to evaluate the progress of tumor metastasis.”’ Our model intui-
tively reflected the biological process from tumor growth to cancer
cell intravasation. These results revealed that in the process of
tumor metastasis, the invasion of cancer cells to the surrounding
stroma and tumor-related angiogenesis were interactive and simul-
taneous processes. When the new blood vessels overlapped with the
invading cancer cells, the intravasation behavior of the cancer cells
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had already occurred, and this process may happen much earlier
than the detection of circulating tumor cells in the blood. At the
same time, cancer cells that have invaded into blood vessels at the
early stage had the opportunity to obtain more adequate nutrition,
and the proliferation of these cells may play a more important role
in the process of tumor metastasis. Of course, this guess has yet to
be further verified through new understanding in clinical tumor
research.

D. Effect of tumor vessels on invasion distance
of breast cancer

According to the previous analysis of invaded breast cancer
cell distances [Figs. 3(c) and 3(d)] and tumor-related angiogenesis
[Figs. 3(e) and 3(f)] in the model, we proved the mutual promo-
tion of the cancer cell invasion and tumor-related angiogenesis.
Therefore, we set up a control experiment, in which cancer cells
grew in the tumor microenvironment without microvascular
networks, to further analyze the influence of self-assembled
microvascular networks on the invasion ability of cancer cells.
According to the invasion imaging of cells on day 12 [Fig. 4(a)]
and then a quantitative analysis of the invasion ability of cancer
cells [Figs. 4(b) and 4(c)], we found that in the HUVECs group,
the number of cancer cells that invaded into channel 2 (Fig. I,
Ch2) was higher than that in the control group (above 31%), but
there was no significant difference. In terms of the average inva-
sion distance, the cancer cells in the HUVECs group had stronger
invasion ability, indicating that the microvascular networks
indeed promoted the invasion of breast cancer cells. This result
was consistent with results previously reported in the pancreatic
cancer model, and the presence of HUVECs increased the rate of
migration of pancreatic cancer cells.”*

E. Drug effect of 5-FU, DOX, and Apatinib on
self-assembled vascularized breast cancer models

In our tumor model, it was observed that the invasion behavior
of cancer cells and tumor-related angiogenesis together promoted the
process of tumor metastasis. In recent years, considering the critical
role of tumor blood vessels in cancer metastasis, the combinations of
anti-angiogenic drugs and chemotherapeutic drugs became a new
tumor treatment strategy.” "> 5-Fluorouracil (5-FU) and Doxorubicin
(DOX) are natural anti-tumor lead compounds.”® Apatinib is a
common VEGFR inhibitor during drug testing and can effectively
inhibit the proliferation,17 migration, and vascular growth of
HUVECs for its highly targeted effect on VEGFR-2 to inhibit the
phosphorylation and function of VEGF/VEGFR-2 signaling.***’
Therefore, we used 5-FU, DOX, and Apatinib to treat the self-
assembled vascularized breast cancer model to explore suitable and
available anti-tumor drug combination strategies.

First, we evaluated the cell viability of MDA-MB-231 cells
under different concentrations of 5-FU and DOX on a 2D 96-well
plate [Figs. 5(a) and 5(b)]. The drug concentrations of two drugs
(5-FU: 0.5 mM and DOX: 5uM), which contributed the same
cancer cell viability (about 45%) of under 2D condition for 48 h,
were selected to compare the drug effect between 5-FU and DOX
in 3D models. The concentration of Apatinib was selected as
10 ,uM./l’1 Then, the drugs were uniformly mixed in the medium,
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and the mixture was loaded into the two medium channels (M1
and M2) simultaneously, enabling a consistent drug action environ-
ment. We observed that the blood vessel network was damaged
more or less after adding anti-cancer drugs, compared with the
control group [Fig. 5(c)]. The damage to the DOX group and
DOX/Apatinib collaborative group on the blood vessel network was
more than that in the other groups. Moreover, the damage of 5-FU
and Apatinib applied together on the blood vessel network was also
more than that in 5-FU or Apatinib applied singly. These results
verified the inhibitory effect of Apatinib (VEGFR inhibitor) on
blood vessels and were also consistent with previous findings that
DOX™ and 5-FU™ had a certain vascular toxicity and had the
potential to destroy new blood vessels.*

Then, we performed a live/dead assay to evaluate the cancer
cell viability in the vascularized breast cancer model. From the
overall death information of the model, we found that anti-cancer

drugs caused varying degrees of killing on all three types of cells
(S7 in the supplementary material). We merged the live/dead
images [Fig. 5(d)] and calculated the cell viability of the
MDA-MB-231 area [Fig. 5(e)]. Since the drug tests were performed
for 2 days after the cancer cells were loaded on chip, we thought
that the proportion of other cells migrating into the cancer cell gel
area was low, and the statistical effect of other cells on the cancer
cell viability was not considered. Compared with the cell viability
(~45%) measured at the same concentration in the 2D model, the
cell viability of the 5-FU group and the DOX group was about
81%, which was about 36% higher, indicating that the cancer cells
in 3D biomimetic models had a stronger drug resistance on 5-FU
and DOX. This result was consistent with that of previous studies,
which proved that the 3D breast cancer models had lower 5-FU’"**
and DOX""” drug sensitivity than the 2D model. Compared with
5-FU (~81%) and Apatinib (~85%) used alone, there was no
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significant difference in cell viability (~89%) after the combined
use. Compared with DOX (~81%) and Apatinib (~85%) used
alone, the cell viability of combined use (~47%) was significantly
reduced, indicating that the addition of Apatinib significantly
enhanced the DOX drug efficiency on MDA-MB-231 cells.

V. CONCLUSIONS

In this work, we developed a biomimetic breast cancer model
containing self-assembled microvascular networks and the
HMCAF matrix. The decisive role of primary vascular endothelial
cells in the development of microvascular networks in vitro has

been proved, and the HMCAF cells played an important role in
maintaining the structure and function of the microvascular net-
works for a long time. Therefore, the blood vessel network devel-
oped in our work has achieved the morphology and function
maintenance for up to 13 days, which was much higher than the
reported time of the existing studies. In our self-assembled vascu-
larized breast cancer model, the invasion behavior of tumor cells
and the phenomenon of tumor vascularization occurred at the
same time, and the results of related quantitative analysis also
showed that the two promote each other. We also observed that the
intravasation behavior already existed in the early stage of tumor
invasion. This suggests that, although these intravasation cancer
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cells were unable to enter the main blood vessel channel, due to the
sufficient blood nutrient supply, their proliferation behavior in
blood vessels may play an important role in the process of tumor
metastasis. In the drug test, the drug effects were assessed from the
aspects of the cancer cell invasion behavior, the vascular endothe-
lial behavior, and cell viability. The results showed that this cancer
model had more consistent drug resistance with the human body,
compared with the 2D models. Meanwhile, the anti-angiogenic
drug Apatinib enhanced the treatment of DOX on breast cancer
cells, instead indicating that the combination strategy of anti-cancer
drugs and anti-angiogenic drugs can become an important means
of cancer treatment. In general, our research provided a more
bionic and quantitatively analyzable model for the construction of
in vitro breast cancer models and the testing of anti-cancer drugs.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following figures: sche-
matic diagram of quantifying blood vessels and blood vessel sprout-
ing using Image]J software (S1 and S2); HUVEC growth image and
immunofluorescence staining (S3); the picture of HMCAF marker
fibroblast activation protein (FAP) immunofluorescence staining
(S4); the number of invaded cancer cells corresponding to invasion
distance range on day 13 (S5); details of the breast cancer model
growth on days 4, 5, 9, and 13 (S6); and the death image of the self-
assembled vascularized breast cancer model (on day 8) after drug
action for 2 days (S7). MOVIE1 was the 3D confocal image of the
vascular structure in the self-assembled vascularized breast cancer
model on day 8.
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