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Abstract

Triple-negative breast cancer (TNBC) is one of the most insidious forms of breast cancer with high
rates of metastasis, resulting in major mortalities in breast cancer patients. To better understand
and treat TNBC metastasis, investigation of TNBC interactions with blood vasculatures is crucial.
Among multiple metastatic processes, a step of TNBC exit from the blood vessels (‘extravasation’)
in the pre-metastatic organs determines the final site of the metastasis. Here, we present a rapid
multilayer microfabrication method of transferring a three-dimensional (3D) overhang pattern to
a substrate with a sacrificial layer to reconstitute a 3D blood vessel surrounded by the extracellular
matrix containing organ-specific parenchymal cells. Bones and lungs are the most common sites of

breast cancer metastasis. We modeled organotropic bone and lung metastasis in TNBC by
introducing subpopulations of TNBC metastases into a vessel lumen surrounded by osteoblasts,
bone marrow derived mesenchymal stem cells, and lung fibroblasts. We found that bone-like
microenviroment with osteoblasts and mesenchymal stem cells promoted extravasation of the
bone-tropic TNBC cells, whereas the lung-like microenviroment promoted extravasation of the
lung-tropic TNBC cells. Given that these organ-specific parenchymal cells do not impact vascular
permeability, our results suggest that the parenchymal cells dictate selective extravasation of the
bone-tropic or lung-tropic TNBC cells in our system.

1. Introduction

Breast cancer is the most frequently diagnosed can-
cer in women [1]. Among several breast cancer sub-
types, triple-negative breast cancer (TNBC) is the
most aggressive form with a high rate of metastasis
and a poor prognosis [2]. TNBC does not express
three major receptors that are typically expressed in
breast cancer: estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor
receptor 2 (HER2) [2, 3]. The absence of these tar-
getable receptors significantly limits the therapeutic
options for treating TNBC [2]. Despite numerous
research efforts, TNBC metastasis is still the leading
cause of cancer deaths in breast cancer patients.

To better understand and treat TNBC metastasis,
we need to look into TNBC interactions with blood
vessels. The human blood vasculatures play integral

© 2020 IOP Publishing Ltd

roles in transportation of oxygen and nutrients
throughout the body in the normal condition [4].
Breast tumors exploit adjacent blood vessels to main-
tain their growth by providing oxygen and nutrients
to the cancer cells in the tumor mass [5]. To achieve
this, breast cancer cells overexpress pro-angiogenic
growth factors, such as vascular endothelial growth
factor A (VEGF-A) [6] to promote new blood vessel
formation in and around the tumor stroma, which
is referred to as tumor angiogenesis [7]. However,
tumor blood vessels are not only the conduits for
blood supply, but also a major route of tumor meta-
stasis to distant organs [8]. In the metastatic process,
first, tumor cells must invade local blood vessels and
enter the blood circulation (‘intravasation’). Next,
circulating tumor cells in the blood circulation must
survive against harsh conditions like strong shear
stress in the blood stream and finally exit from the
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blood vessel (‘extravasation’) and create a new colony
(‘colonization’) in distant sites [9]. Thus, assessing
TNBC interactions with blood vasculatures in the
tumor and organ microenvironments is fundamental
to understand the processes of TNBC metastasis [10].
Physicians have observed the patterns of distant
metastasis in breast cancer patients, and discovered
that breast cancer highly prefers to certain organs,
such as bones, lungs, brains, and livers in the form-
ation of metastases [11, 12]. Among them, the bones
and the lungs are the most common organ sites that
are metastasized by breast cancer cells [1, 11]. People
have studied why certain tumor types prefer to cer-
tain organ microenvironments in making new colon-
ies, referring to this phenomenon as organotropic
cancer metastasis or organ-specific cancer metastasis
[12—15]. To better understand and treat TNBC meta-
stasis, investigating the organ-specific metastasis in
the bones and the lungs would be pivotal.
Employing relevant and effective experimental
models of TNBC metastasis in vitro and in vivo
would be instrumental to advance our understand-
ing of mechanisms and therapeutic strategies against
TNBC. In particular, to understand the organotrop-
ism in TNBC metastasis, we need to have models
for TNBC extravasation in the pre-metastatic organs.
Despite prior uses of animal models in breast can-
cer research and their contributions to the field [16],
it is difficult to predict clinical efficacy and isolate
the relative contributions of biological and biophys-
ical factors in these live animal studies, given the
genetic discrepancy between different species [17]
and inherent complexity of the in vivo models [9].
Traditional cell cultures on two-dimensional dishes
are highly controllable, but do not recapitulate the
three-dimensional (3D) in vivo organization [18]. To
address this dilemma, microfluidics-based 3D organ-
on-a-chip technology employing human cells has
been emerging as an alternative in vitro platform that
better recapitulate behaviors of various tissues and
organ functions in vivo [19]. In the field of vascu-
lar biology, a variety of organ-on-a-chip methods
have been developed to mimic human vasculatures
and their microenvironments. For instance, needle-
based casting method has been used as a conven-
tional tool for fabricating engineered vessels with an
ease of obtaining a cylindrical shape in 3D matrices
[20—-24]. However, there have been technical issues in
the method. For example, in order to keep the needle
from contacting the bottom surface, a needle buf-
fer layer has to be prepared, and additionally mix of
photo resist is required to produce a blocking layer
between the needle buffer layer and the needle guide
layer [22]. The addition of the photo resist signific-
antly harms the purity of the materials and weak-
ens the bonding strength between the layers, thereby
deteriorating the durability of the mold. Alternat-
ively, a needle casting layer and a media reservoir layer
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were fabricated as separate parts and assembled in
the casting process [20, 21]. This method requires an
additional PDMS-PDMS bonding process, which is
challenging to precisely align the microchannel and
the reservoir layer, and often causes defects like fluid
leaks between two PDMS layers. The 3D printing
method is also widely used to fabricate various, more
complex structures [25-29], but the material stack-
ing is difficult to form a clean, smooth cylindrical
surface in a high resolution. The flow-induced meth-
ods enabled rapid fabrication through a simple struc-
ture [30-32], but it is often difficult to predict and
achieve precise, reproducible geometries of the vessels
because the fabrication largely depends on the viscos-
ity of the materials and variable fluid dynamics. These
techniques have demonstrated the potential benefits
of micro-sized vascular fabrication and have provided
progress in vascular research; however, challenges still
remain in the rapid fabrication, easy adaptations, and
recapitulation of bona fide human vessels.

Here, we present a rapid multilayer microfab-
rication method for creating an engineered vascu-
lature in 3D and its crosstalk to TNBC to investigate
breast tumor extravasation in distant organs, includ-
ing bones and lungs, the most common sites of breast
cancer metastasis. The method allows the fabrication
of a vascular channel with only single casting mold
by transferring a 3D overhang pattern made through
our novel two-layer SU-8 photolithography process to
a substrate with a sacrificial layer. The casting mold
with a 3D overhang pattern provides a more reprodu-
cible, reliable vascular conduit structure than previ-
ous methods described above. We describe the devel-
opment of the engineered blood vessel on-chip and
their applications to understand organotropic meta-
stasis in breast cancer.

2. Materials and methods

2.1. Cell culture

Primary human dermal microvascular blood
endothelial cells (BEC, neonatal) were purchased
from Lonza. BEC were cultured in EGM-2MV
media (Lonza, Switzerland). MDA-MB-231 cells
were purchased from ATCC and cultured in
DMEM + 10% fetal bovine serum (FBS) + 2 mM
L-glutamine + 50 pug ml~! Gentamycin. Metastatic
subpopulations of MDA-MB-231, including bone
tropic MDA-MB-231 (1833 BoM: we refer to this as
‘bone MDA-231’) and lung tropic MDA-MB-231
(4175 LM2: we refer to this as ‘lung MDA-231°)
transfected with GFP were donated from Dr Joan
Massague at Memorial Sloan Kettering Cancer Cen-
ter [33, 34]. The bone MDA-231 is a derivative of
parental MDA-MB-231 cells that was selected for its
ability to metastasize to bone tissues in vivo [33].
Briefly, parental MDA-MB-231 cells were inocu-
lated to the heart of mice and metastases to bones
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were isolated and enriched. The lung MDA-231 is a
derivative of parental MDA-MB-231 cells that was
selected for its ability to metastasize to lung tissues
in vivo [34]. Briefly, parental MDA-MB-231 cells were
inoculated orthotopically into mammary fat pads of
mice and spontaneous metastases to the lungs were
isolated and enriched. The bone and lung MDA-
231 were cultured in DMEM + 10% fetal bovine
serum (FBS) + 2 mM L-glutamine + 50 pg ml™!
Gentamycin. Human osteoblasts were purchased
from Lonza and cultured in OGM Osteoblast Growth
Media (Lonza). human bone marrow derived mesen-
chymal stem cells (MSC) and human lung fibroblasts
(HLF) were purchased from Lonza and cultured in
DMEM + 10% fetal bovine serum (FBS) + 2 mM
L-glutamine + 50 g ml~! Gentamycin. Endothelial
cells and all the stromal cells (osteoblasts, MSC, and
lung fibroblasts (LF)) were used at passages 3-8, and
all the cells were maintained in standard tissue culture
incubators at 37 °C, 95% humidity, and 5% CO,.

2.2. Microfluidic vessel on a chip design

We designed a microfluidic vascular channel device as
shown in figure 1(a). The device contains a circular
inlet and outlet that can be vice versa for media ports
as well as reservoirs. A 20 mm?® volume extracellular
matrix (ECM) hydrogel cavity located in the center of
the microfluidic chip device has two ports to access
the vessel lumens and serves as a connection area for
fluid-handling. Biological network and interaction
phenomena between the channel and the ECM can
be observed through an optical/fluorescence micro-
scope. The distance between the media ports and the
ECM cavity is 4 mm. The design is made using L-edit
computer-aided design software (v.15, Tanner EDA
by Mentor Graphics Corp., OR, USA), and the ultra-
violet (UV) photomasks for three layers are engraved
on 5 inch-chromium masks by a laser pattern gener-
ator (DWL2000, Heidelberg Instruments, Germany).

2.3. Microfluidic chip device fabrication

The microfabrication photolithography for poly-
dimethylsiloxane (PDMS) mold began with two
100 mm silicon wafer substrates that were previously
cleaned with a hot wafer piranha process (HMR900,
STEAG HamaTech, Germany) and dehydrated on
hot plates for 10 min at 100 °C. One of the wafers
was used as a ‘pattern wafer’ with a sacrificial layer
(figures 1(b) and (¢)), and another wafer was used as
a ‘mold wafer’ (figure 1(d)). Firstly, approximately
17 nm thick layer of OmniCoat™ was spin-coated on
the whole surface of the pattern wafer and then pre-
baked to reduce the adhesion between the wafer sub-
strate and patterned structures. This layer was used
as a sacrificial layer to transfer the SU-8 mold pat-
terns from the pattern wafer to the mold wafer. Next,
a 450 pm thick layer of SU-8 2150 (Kayaku advanced
materials, MA, USA) for a 100 pm thick gel-top layer
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and a 350 pm thick needle guide layer was spin-
coated and soft-baked. To perform the hundreds of
micrometers thick and multi-layered SU-8 structure,
extended soft-baking time was processed because the
heating decreases the viscosity of the SU-8 by increas-
ing the mobility of the polymer molecules, as well
as evaporating contained solvent to hardening of the
layer to improve performance of the spin-coating of
the next layer [35]. Moreover, considering the low
thermal conductivity of the SU-8, slowly ramped (up
and down in 2 °C min~!) temperature was proceeded
to reduce the internal stress. In addition to the exten-
ded soft-baking, it is important to level the wafer
in horizontal during the soft-baking process because
the gravity participates annihilation of the edge bead.
If the wafer is not leveled in horizontal during the
soft-baking process, SU-8 flows and causes the thick-
ness variation, resulting in non-uniform contact to
the photomask as well as failure in the transferring
process because some structures were not entirely in
contact during the bonding process. This layer was
exposed by two different masks using a UV contact
mask aligner (ABM Manual Mask Aligner, ABM-USA
Inc. CA, USA) with a 360 nm low-pass filter. For
the first UV exposure, the needle guide layer mask
was processed with 360 mJ cm™2 of exposure which
is slightly lower dosages to avoid or minimize cross-
linking of the gel-top layer. For the needle guide layer,
even if underexposure to this layer occurs, it is rather
good to avoid overexposure which creates unneces-
sary space in the top part of the needle guide layer,
since this layer merges with the subsequent needle
buffer layer. For the second UV exposure, the gel-
top layer mask was processed with 200 mJ cm ™2 of
additional exposure to completely expose the ECM
gel casting region, then a post-exposure bake (PEB)
was performed. After PEB of the first layer, a 100 pm
thick layer of SU-8 100 for the needle buffer layer
was spin-coated and soft-baked. The spin-coating of
the second layer should be done after the completely
cooled-down of the PEB of the first layer because the
viscosity of the SU-8 is varying depending on the
temperature so that it could cause unwanted thick-
ness difference [36]. The needle buffer layer mask was
processed with 450 mJ cm ™2 of UV exposure. Since
the channel structure of this layer is narrower than
the channel structure of the previously coated needle
guide layer, the needle buffer channel mask was care-
fully aligned to the center of the needle guide chan-
nel structure. This channel merges with the needle
guide channel and since the structure of the needle
guide channel has a wider structure, proper expos-
ure or slightly overexposure can be performed rather
than underexpose to form a complete structure. The
needle buffer layer was not performed the PEB for the
subsequent transferring (bonding) process.
Simultaneously, a 50 pum thick layer of SU-8 50
(Kayaku advanced materials, MA, USA) for the bond-
ing layer was spin-coated on the mold wafer and
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Figure 1. A schematic illustration of the rapid multilayer microfabrication method. (a) A real image of the device and an
isometric illustration of the device (left); and in the right, there are cross-section views of the channel region (blue box) and the
ECM hydrogel region (red box). (b)-(e) A multi-layer mold fabrication process for the channel region (b) and ECM /reservoir
region (c) on the pattern wafer. (d) A flood-exposure is used to form a SU-8 bonding layer on the mold wafer. (e) The two wafers
are bonded together by facing during a post-exposure bake (PEB) process and are developed to remove non-crosslinked SU-8 and
the sacrificial layer. (f) A cross-section image of a multi-layered overhang structure in the channel region.

soft-baked. The bonding layer was flood-exposed
with 450 mJ cm™2 of UV exposure without a mask
(figure 1(d)). This layer was used as a transparent
adhesion layer for the two wafers. Consequently, the
two wafers were joint together facing each other,
and were performed PEB and developed together
(figure 1(e)). After the development, the wafers were
washed with IPA to confirm whether additional
development is necessary and were developed in an
alkaline developer MF319 in order to remove the
OmniCoat™ sacrificial layer, completing the transfer-
ring process. The surface of the fabricated mold wafer
was treated by a monolayer of FOTS ((Tridecafluoro-
1,1,2,2-Tetrahydrooctyl)-Trichlorosilane) ~ through
the molecular vapor deposition system (MVD 100,
Applied MicroStructure Inc. CA, USA) to prevent
sticking PDMS to the wafer and SU-8 structures dur-
ing the PDMS casting process.

The PDMS microfluidic chip was fabricated using
a conventional PDMS casting process [37]. A 10:1
ratio of PDMS polymer and cross-linker curing
agent (SYLGARD™ 184 Silicone Elastomer Kit, The
Dow Chemical Company, MI, USA) were mixed and
degassed in a vacuum chamber and were poured to

the mold. The mold was left in an oven for more than
two hours at 80 °C to harden the PDMS, which is then
removed from the mold. Since the overhanging fea-
tures on the silicon wafer, removing PDMS can crack
or damage the SU-8 structure from the mold wafer
surface, ethanol was used to swelling the PDMS and
lubricate the interface between PDMS and photoresist
and assist PDMS removal from the silicon wafer [38].
The removed PDMS microfluidic chip was punched
for inlets and outlets of ECM ports and media reser-
voir region, and bonded to a flat microscope glass
slide after a plasma reacted ion etch (RIE) surface
treatment (PE-25 Plasma Cleaner, Plasma Etch Inc.
NV, USA).

2.4. ECM casting and cell seeding

The microfluidic chip device was plasma treated at
400 W 50 kHz for 5 min with 50 cc min~! of air-
flow in a vacuum and filled with 0.1% Poly-L-lysine
(PLL, #0413, ScienCell Research Laboratories, CA,
USA) and was left at least 4 h to coat the surface.
Afterward, the microfluidic chip device with the PLL
was rinsed with deionized (DI) water three times.
Then, 1% glutaraldehyde (G6257, Millipore Sigma,
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MO, USA) was added to the ECM port and treated
for 15 min. The glutaraldehyde treated microfluidic
chip device was rinsed with DI water three times and
was soaked overnight in the DI water on an orbital
shaker to fully remove any excess glutaraldehyde. A
350 pm diameter of 1% BSA treated casting needles
were inserted through the needle guide channel, and
collagen I was introduced and polymerized in the
center cavity of the device surrounding the casting
needle. To polymerize collagen I, 10% of 10x PBS,
2.5% of 1N NaOH, 18.2% of DI water were mixed
with 3.57 mg ml~! rat tail collagen I (354 236, Corn-
ing, NY, USA) to make the final collagen concentra-
tion of 2.5 mg ml~!. Thoroughly mixed the ECM
materials were incubated at 37 °C for 1 h and covered
with media and incubated overnight. After gelation,
needles were removed and human dermal microvas-
cular blood endothelial cells (BEC, Lonza, Switzer-
land) were seeded in the channel through the media
port (reservoir) and allowed to form a monolayer
along the wall of the cylindrical channels. The cell-
seeded microfluidic chip devices were placed on a
platform rocker to generate gravity-driven luminal
flow through the channels, providing shear stress at
4-5 dyne cm™2. In order to mimic organ microen-
vironment, we included 500000 cells ml~! human
osteoblasts, human bone marrow derived mesen-
chymal stem cells (MSC), and human lung fibroblasts
in the ECM when we casted collagen I.

2.5. Immunofluorescence staining and imaging in
3D model

Devices were fixed with 4% paraformaldehyde, per-
meated and blocked with 3% bovine serum albu-
min overnight at 4 °C. Primary antibodies detect-
ing VE-cadherin (F11, Santa Cruz Biotechnology, TX,
USA, 1:100), CD31 (Agilent Dako, CA, USA, 1:200),
GFP (ab6662, Abcam, UK, 1:500) were all incub-
ated in blocking buffer overnight at 4 °C. FITC-
conjugated antibody against GFP was used to stain the
GFP-expressing breast cancer cells. Primary antibod-
ies were washed overnight using PBS at 4 °C. Second-
ary antibodies (all from Invitrogen, CA, USA, 1:500),
phalloidin (Actin marker, 1:200), and DAPI (Mil-
lipore Sigma, MO, USA, 1:500) were subsequently
incubated in blocking buffer overnight at 4 °C, and
the devices were washed to remove fluorescent back-
ground before confocal microscopy. Confocal images
were acquired with a Leica SP8 Confocal microscope.

2.6. Statistical analysis

Independent sample populations were compared
using unpaired, two-tailed Student’s t-test with a
normal distribution assumption. *P < 0.05 was the
threshold for statistical significance. All information
regarding the number of experimental repeats and
sample sizes were included in figure legends. All data
points on the graphs represent average values, and
error bars depict SEM.
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3. Results and discussion

3.1. Multi-layered microfluidic device mold
fabrication

We conducted the multilayer microfabrication
method to create a microfluidic organ-on-a-chip
engineered tumor-vascular network device. A cross-
section view of the channel region of a multilayered
device mold is shown in figure 1(f). Unlike the results
of traditional top-down straightforward lithography
[22], our channel structure, which employs a new
method of joining two wafers using a sacrificial layer,
clearly shows the overhang boundary of each layer
(figure 1(f)). The topside of the microchannel needle
guide has an arc shape due to the natural effect of
the UV underexposure on the SU-8 (figure 1(f)). To
create a more rounded geometry on the wall and top
side of the needle guide channel layer for other micro-
fluidic applications, enhanced diffusivity of the UV
light, e.g. using a light diffuser, can be applied during
the UV mask contact exposure [39, 40].

3.2. Engineered blood vessel formation in the
device

We seeded human microvascular BEC in the device
to form an engineered blood vessel (figure 2(a)).
After seeding the endothelial cells, we introduced
fluid shear stress on a rocking platform for 2-3 d,
providing them shear stree around at 4-5 dyne cm 2.
The device has been fixed and stained with anti-
VE-cadherin antibodies to visualize endothelial cell-
cell adherens junctions; phalloidin for detecting act-
ins in the cells. We showed appropriate adherens
junction formation and stress fiber distribution in
the engineered blood vessel (figure 2(b)). Next, we
measured the diameter of the 12 individual engin-
eered blood vessels at day 2 to assess reprodu-
cibility, and the measured average diameter was
354.93 + 4.58 um. We next tested the diffusive per-
meability of the engineered blood vessel by introdu-
cing FITC-conjugated Dextran (70 kDa, Life Tech-
nologies, CA, USA) to the lumen of the engineered
blood vessel in living cell condition without fixation,
and imaged Dextran diffusion to the matrix in real-
time for 4 min. We did not see significant leakage
in the timeframe confirming that our BEC channels
exhibit a sound barrier function (figure 2(c)). The
4 min diffusion was planned and performed based on
our preliminary experiments, showing that 4 min is
enough to tell vascular barrier function among dif-
ferent groups of experiments (supplementary figure
S1 (available online at https://stacks.iop.org/BF/13/
015002/mmedia)). We compared non-cell channels,
BEC channels in normal condition, and inflammat-
ory condition (supplementary figure S1). Non-cell
channels or BEC channels in the inflammatory con-
dition showed a dramatic burst of dextran diffusion
within seconds, compared to the BEC channels in the
normal condition (supplementary figure S1).
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Figure 2. Functionally relevant engineered blood vessels. (a) A schematic of a 3D biomimetic blood vessel surrounded by ECM.
(b) Immunostaining of the engineered blood vessels with anti-VE-cadherin antibodies (in green), phalloidin (in red), and DAPI
(in blue). (c) The 70 kDa dextran-FITC conjugated was perfused into the engineered vessel lumen and dextran diffusion to the
ECM was observed for 4 min to test the barrier function of the engineered blood vessel.

3.3. Breast tumor extravasation in bone
microenvironment
Bone is the most common organ in breast cancer
metastasis [11]. Upon the results in figure 2, we
seeded MDA-MB-231 cells in the channel to show
any tumor invasion to the bulk (supplementary figure
S2(a)). Based on our initial collagen I (2.5 mg ml~!)
condition, we varied the ECM conditions by adding
fibronectin (200 pg ml~!) or laminin (200 ug ml—!)
to the collagen I. After gelation, needles were removed
and MDA-MB-231 breast cancer cells were seeded to
form engineered breast tumor. Supplementary fig-
ure S2 shows MDA-MB-231 tumor invasion pat-
terns in each ECM environment at day 0 and day 5.
MDA-MB-231 in collagen I showed more collective
invasion (supplementary figure S2(b)). But, in col-
lagen I + fibronectin, MDA-MB-231 invasion was
negligible (supplementary figure S2(c)). In collagen
I + laminin, the MDA-MB-231 invasion made very
thin and unusual thread-like protrusions (supple-
mentary figure S2(d)). Based on the observation, we
concluded collagen I is the good ECM condition to
show breast tumor invasion and extravasation once
after we added the blood endothelial channel to the
system, which is fairly reasonable in that collagen I
maintain a nice barrier function in BEC channels.
Next, we introduced one of the bone parenchymal
cells, osteoblasts, in the 3D collagen I to mimic the
bone microenvironment and breast tumor extravas-
ation in the bones as described previously [41]. After
gelation of collagen I containing 500 000 cells ml~!
osteoblasts, we seeded BECs into the hollow chan-
nel of the device and cultured them for 2 d on a
rocker to form an engineered blood vessel in the
bone microenvironment (figure 3(a)). Osteoblasts
well exhibited mesenchymal cell-like, stretched mor-
phology (figure 3(b)), evidencing that the culture
condition was good enough for osteoblasts to survive

6

and proliferate [42]. Indeed when we cultured them
in a very high density (10 million ml™'), we did
not see any mesenchymal cell-like, stretched mor-
phology (supplementary figure S3). Furthermore, the
high dense condition induced osteoblast apoptosis,
which was confirmed by immunostaining with anti-
cleaved caspase 3 antibodies (supplementary figure
S4). In these supplementary experiments, we did
not see any issues in osteoblasts when we culture
them in 500000 cells ml~! density. Furthermore,
anti-Ki-67 staining on these cells in the right dens-
ity confirmed that osteoblasts and other types of
organ cells were thrive and proliferate well in the
bulk condition (figure 4). After confirming and val-
idating our culture condition, we introduced GFP-
transfected MDA-MB-231 cells into the lumen of
the engineered blood vessel to mimic circulating
tumor cells that arrived at blood vessels in the
bones. We maintained the experiments for 6 d and
observed MDA-MB-231 cell extravasation in the bone
microenvironment, which was not shown in the
‘no cell’ controls (figures 3(c) and (d)). The results
showed that osteoblasts facilitated trans-endothelial
migration of MDA-MB-231 cells from the vessel
lumens to the interstitium.

3.4. Organotropic extravasation in breast cancer

Our next question was if the result in figure 3
was a generic feature of MDA-MB-231 extravasation
responding to certain types of parenchymal cells in
the ECM bulk or if this could be organ-specific to the
bones, compared to other organs, such as the lungs.
Moreover, we asked a question if this phenomenon
is distinctively observed in a specific subpopulation
of the MDA-MB-231 cells, including bone MDA-231
or lung MDA-231. Clearly, the bones and lungs are
the most common organ sites in breast cancer meta-
stasis [11]. To address these questions, we created
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Figure 3. Osteoblast-induced breast tumor extravasation. (a) A schematic of a biomimetic blood vessel (a BEC channel, red)
surrounded by ECM (black) containing no cells (top) vs. osteoblasts (orange, bottom), mimicking the control ECM vs. bone-like
ECM. Next, MDA-MB-231 breast tumor cells are introduced into the vessel lumen and breast tumor extravasation is observed.
(b) A representative image of morphologically elongated osteoblasts (bright-field) and a BEC channel (mApple-transfected BEC).
(c)-(d) Confocal images of GFP-positive MDA-MB-231 cells introduced into engineered blood vessels (mApple-red) in the
bone-like ECM (c) and control ECM (d) at day 0 (top) and day 6 (bottom) after tumor cell introduction.

osteoblasts

Figure 4. Assessment of organ cells in 3D collagen 1. Osteoblasts (left, 0.5 million ml~!) and human lung fibroblasts (HLF, right,
0.5 million ml™") in 3D collagen I were stained with anti-Ki-67 antibodies (green) to confirm organ cell survival and
proliferation in the collagen I bulk. Phalloidin (in red) show stretched cell morphology.

different organ microenvironments using three dif-
ferent types of parenchymal cells. For mimicking the
bone microenvironment, we introduced osteoblasts
and bone marrow-derived MSC, respectively, in the
ECM bulk. For preparing the lung microenviron-
ment, we introduced human lung fibroblasts (HLF)
in the bulk. As we mentioned before, to assess the
proliferation status of the organ cells in the collagen I,
the Ki-67 staining were performed (figure 4). As
shown in figure 4, osteoblasts and HLF presented Ki-
67 signals in green FITC florescence in their nucleus.

The vascular permeability for the blood vessels
with the various ECM conditions was examined
as shown in figure 5. HLE MSC, and OST
(at 500 000 cells ml~!) were embedded in the colla-
gen L. As controls, non-cell collagen I was also casted.

Next, BEC were seeded into the hollow channel to
form engineered vessels in different organ-like con-
ditions. After 3 d of BEC seeding, we tested vessel
permeability. When the 70 kDa dextran-FITC con-
jugated was perfused into the channels, no leakage
was observed for 4 min in all the ECM conditions,
indicating that the organ cells did not affect the vas-
cular barrier function (figure 5).

Next we introduced tumor cells in the optim-
ized condition (figure 6). All the parenchymal cells
were introduced at the same cell seeding density
(500000 cells ml~!) under the same media condi-
tion (DMEM, low glucose, 10% FBS). As a control,
we included non-cell collagen I. After one day, we
seeded BEC to generate an engineered blood ves-
sel in the bone and lung microenvironments. After
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Figure 5. Vascular permeability test for various organ-like ECM environments. The 70 kDa dextran-FITC conjugated was
perfused into the BEC channel in collagen I with no organ cells (a), HLF in ECM (b), MSC in ECM (c), and OST in ECM (d) to
test vascular barrier function in different organ conditions. The dextran-FITC is displayed in gray in (a), in red (pseudo-colored)
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Figure 6. Organ-specific tumor metastasis 3D in vitro. Parental, bone-tropic, and lung-tropic MDA-MB-231 cells were introduced
into blood vessels surrounded by collagen I with no cells, osteoblasts, bone-marrow derived MSC, and lung fibroblasts. The
experiment was maintained for 6 d. Representative images at day 6 are presented. The highlighted boxes (pink, orange, green)
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2 d of culture with fluid shear stress on the rock-
ing platform for maintaining blood vascular integ-
rity, we introduced three different MDA-MB-231 cell
populations, including parental MDA-231 cells, bone
MDA-231 cells, and lung MDA-231 cells, at the same
density (100000 cells ml™!) into a lumen of the
engineered blood vessel. The bone MDA-231 (1833
BoM [43]) and lung MDA-231 (4175 LM2 [44]) cells,

donated from Dr Joan Massague, are the enriched
subpopulation of MDA-MB-231 in the bones and
the lungs, respectively, which was generated in MDA-
MB-231 xenografts in mice.

After introducing these tumor cells to the system,
we maintained the experiments for 6 d on the rock-
ing platform. Strikingly, we found that the subpop-
ulations of the MDA-MB-231 cells responded to the
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Figure 7. Comparison of organ-specific metastatic MDA-MB-231 cell extravasation. The number of each organ-specific
MDA-MB-231 cells extravagated out of the blood vessels was counted in six independent channels of the same condition in ECM
microenvironment with (a) no cells, (b) OST, (c) bone-marrow derived MSC, and (d) HLE. ns, statistically not significant; *,

p < 0.05 statistically significant. Error bars depict SEM.

corresponding organ microenvironments very differ-
ently (figure 6). The bone MDA-231 cells robustly
extravagated in the bone condition (osteoblasts and
MSC, highlighted in a pink box in figure 6), while the
lung MDA-231 did not extravagate in the bone condi-
tion (highlighted in an orange box in figure 6). How-
ever, noteworthily, the lung MDA-231 showed robust
extravasation in the lung microenvironment with the
HLF (highlighted in a small green box in figure 6).

Given these qualitative observations in figure 6,
we repeated the experiments, and further quanti-
fied organ-specific extravasation as shown in figure 7.
In each ECM microenvironment and different time
points (day O vs. day 1 vs. day 5), the numbers
of organ-specific MDA-231 cells extravagated out of
the engineered blood vessels were counted in six
independent experiments (n = 6). At day 1, non-
cell ECM showed minimal extravasation with any
types of MDA-MB-231 cells (parental, bone, and lung
MDA-231) (figure 7(a), day 1). In the OST condi-
tion, bone MDA-231 cells showed higher extravasa-
tion, compared to parental MDA-231 and lung MDA-
231 cells (figure 7(b), day 1). In the MSC condition,
we observed similar trends of extravasation to those
in the OST group, but MSC data was not statistically
significant at day 1 (figure 7(c), day 1). In the lung
microenvironment with HLF, we did not see any dif-
ference between the bone MDA-231 and lung MDA-
231 at day 1 (figure 7(d), day 1).

At day 5, non-cell ECM controls did not show
any significant differences in extravasation in any
type of MDA-231 cells, though metastatic bone or
lung MDA-231 cells showed commonly increased
extravasation compared to parental MDA-231 cells

(figure 7(a), day 5). In the OST condition, bone
MDA-231 cells showed superior extravasation, com-
pared to parental MDA-231 and lung MDA-231 cells
at day 5 (figure 7(b), day 5). Interestingly, in either
MSC or HLF condition (figures 7(c) and (d); day
5), both the bone MDA-231 and lung MDA-231 cells
extravagated robustly. These data suggest that MSC
and HLF could promote either/both proliferation
or/and migration generally in those subpopulations
of the MDA-MB-231 tumor cells.

In summary, our studies show that our new
method and 3D co-culture system can provide a
unique platform to isolate organ-specific metastases
in vitro, which need to be further investigated in vivo.
Also, the study reveals that osteoblasts play a role in
selective extravasation of the bone metastatic tumor
cells among other subtypes of MDA-MB-231, such as
lung MDA-231 cells. Furthermore, these organ cells
did not disrupt vascular barrier, which implies that
osteoblasts may have unknown, but important roles
in breast tumor bone metastasis and/or organotropic
selection of the bone metastases in TNBC. Further
investigations on the secretome of these organ cells
and their crosstalk with tumor cells would lead to the
potential translational use of the factors or signals to
defeat breast cancer metastasis.

4. Conclusions

In this study, we presented a rapid multilayer micro-
fabrication methodology to reproducibly generate
a 3D engineered blood vasculature surrounded by
organ-specific parenchymal cells, which enabled us to
study breast tumor extravasation in different organ
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microenvironments. The process was carried out by
producing a vascular channel with a single casting
mold by transferring a 3D overhang pattern made
through the novel two-layer SU-8 photolithography
process to a substrate with a sacrificial layer. This
technology allowed to investigate breast tumor extra-
vasation in distinct organs, including bones and
lungs, the major pre-metastatic organs in breast can-
cer, to recapitulate the critical step in the organotropic
metastasis. Our study showed that osteoblasts play
a pivotal role in selective extravasation of the bone
MDA-231 among other breast tumor subpopulations.
Moreover, the findings suggest that further investiga-
tions into the roles of the osteoblast-mediated factors
and signals in promoting bone metastasis are war-
ranted. In this study, we emphasize the utility of our
new biomaterial platform and fabrication method
to investigate crosstalk among human vasculatures,
organ cells, and tumor cells rapidly and reproducibly.
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