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Abstract

Bone metastasis is a common, yet serious, complication of breast cancer. Breast cancer cells that extravasate from blood vessels to
the bone devastate bone quality by interacting with bone cells and disrupting the bone remodeling balance. Although exercise is
often suggested as a cancer intervention strategy and mechanical loading during exercise is known to regulate bone remodeling, its
role in preventing bone metastasis remains unknown. We developed a novel in vitro microfluidic tissue model to investigate the
role of osteocytes in the mechanical regulation of breast cancer bone metastasis. Metastatic MDA-MB-231 breast cancer cells were
cultured inside a 3D microfluidic lumen lined with human umbilical vein endothelial cells (HUVECs), which is adjacent to a channel
seeded with osteocyte-like MLO-Y4 cells. Physiologically relevant oscillatory fluid flow (OFF) (1 Pa, 1 Hz) was applied to mechanically
stimulate the osteocytes. Hydrogel-filled side channels in-between the two channels allowed real-time, bi-directional cellular
signaling and cancer cell extravasation over 3 days. The applied OFF was capable of inducing intracellular calcium responses in
osteocytes (82.3% cells responding with a 3.71 fold increase average magnitude). Both extravasation distance and percentage of
extravasated side-channels were significantly reduced with mechanically stimulated osteocytes (32.4% and 53.5% of control,
respectively) compared to static osteocytes (102.1% and 107.3% of control, respectively). This is the first microfluidic device that has
successfully integrated stimulatory bone fluid flow, and demonstrated that mechanically stimulated osteocytes reduced breast
cancer extravasation. Future work with this platform will determine the specific mechanisms involved in osteocyte
mechanoregulation of breast cancer bone metastasis, as well as other types of cancer metastasis and diseases.
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Statement of Integration, Innovation and Insight

Bone metastasis is a severe complication that occurs in approximately 85% of patients with advanced breast cancer.
The potential of exercise in attenuating metastatic tumor growth in bone had been shown in vivo. Osteocytes are
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identified regulators in mediating loading inhibited bone metastasis in vitro. However, there is no ideal platform currently
available for investigating the impact and mechanism underlying loading reduced bone metastasis. To bridge the gap
between in vivo and in vitro experiments, we developed a novel microfluidic cancer extravasation tissue platform that in-
tegrates stimulatory bone fluid flow and real-time bi-directional signaling between multiple cell populations.

INTRODUCTION

Bone metastasis is the process in which cancer cells detach
from the primary tumor, circulate through the blood vessels,
and extravasate to the bone. Approximately 85% of advanced
breast cancer patients experience bone metastasis [1], due to
the favorable ‘soil’ microenvironment in bone, which estab-
lishes a pre-metastatic niche for breast cancer cells [2]. As a
dynamic organ, bone undergoes a lifelong remodeling process
to maintain normal bone strength and function [3].
Metastasized breast cancer cells disrupt the normal remodeling
process by interacting with both osteoblasts (bone-formation
cells) and osteoclasts (bone-resorption cells) [4], as well as os-
teocytes (ubiquitous bone cells embedded in the bone matrix)
[5]. This results in symptoms such as reduced bone quality,
bone fractures, severe pain, and significantly reduced survival
rates [4]. Therefore, prevention of bone metastasis is critical in
improving advanced breast cancer patient outcomes.

While bone metastasis cannot be cured, surgery, chemother-
apy, hormone, and radiation therapy can be used to slow its
progression [6]. However, these treatments have many adverse
side effects. Exercise is often suggested for patients after che-
motherapy to improve fitness, muscle strength, and walking
speed. Furthermore, clinical and in vivo studies demonstrated
that exercise also reduced the rate of adverse skeletal events as
well as tumor formation [7, 8]. However, no clinical study has
been performed investigating the role of mechanical loading on
bone due to exercise in preventing bone metastasis.

Since bone metastasis is a complex process which requires a
favorable ‘soil’ at the secondary site, researchers have studied
the interaction between breast cancer cells and multiples cell
types within the bone matrix. It has been demonstrated that os-
teolytic bone metastasis starts a vicious cycle whereby
osteoclast-initiated bone degradation and resorption increase.
This results in the release of bone-derived factors embedded in
the bone matrix [9], such as transforming growth factor beta
(TGF-p), insulin-like growth factor (IGF), and osteoclast lipid se-
cretions that further promotes cancer extravasation. Although
the majority breast cancer bone metastasis is osteolytic, lesions
can also be osteoblastic, where increased osteoblast activity and
bone formation is mediated by tumor-secreted endothelin-1
[10]. Other than bone cells, another major regulator of bone
metastasis is the endothelium of the metastatic site, which is
the barrier that cancer cells need to extravasate through to
reach the bone environment [11]. Consequently, many studies
focus on the role of endothelium permeability and surface
adhesion molecules [12-15] in cancer extravasation.

Osteocytes, however, have only recently been investigated for
their role in bone metastasis [5, 16-19] despite being a major reg-
ulator of osteoblast, osteoclast, and endothelial activity [20-25].
Osteocytes sense the shear stress caused by interstitial fluid flow
from bone loading during exercise [26]. Through mechanotrans-
duction, mechanically stimulated osteocytes have modulated
expression of signaling molecules that regulate the recruitment

and activity of osteoclasts and osteoblasts [25-27], and thus regu-
late the bone remodeling process [28]. Furthermore, our recent
in vitro studies demonstrated that mechanically stimulated os-
teocytes regulated breast cancer migration via both direct signal-
ing to cancer cells and indirect signaling mediated by both
osteoclasts and endothelial cells [18, 19].

In vivo models have been developed to study bone metasta-
sis. Despite greater physiological relevance, in vivo experiments
are expensive, time consuming, and difficult to control for spe-
cific factors. Conversely, most macro-scaled in vitro experiments
only provide 2D cell culture environments and often lack real-
time cell-cell signaling between different cell populations. To
bridge this gap, microfluidic metastasis models have been es-
tablished to replicate the physiological endothelium [29, 30] and
bone microenvironments [31, 32]. Recent studies have devel-
oped physiologically relevant tissue models of the blood vessel
environment through which the cancer cell extravasates, and
attempt to mimic the secondary tumor environment [33-35]. In
the case of bone metastasis, microfluidic devices have been
developed to model the bone environment containing osteo-
differentiated mesenchymal stem cells embedded in collagen
gel [31, 32] or in a native bone matrix with perfusion flow [36].
Although these models provide excellent platform to study vari-
ous important aspects of bone metastasis, the mechanical regu-
lation of bone metastasis via major bone mechanosensing cell
population, osteocytes, cannot be investigated [17, 18].

In this study, we present the first microfluidic tissue model
for bone metastasis that is capable of applying physiologically
relevant mechanical stimuli to osteocytes. This model consists
of a simulated blood vessel environment with endothelial cells
coating a 3D lumen structure through which cancer cells can
extravasate, and a model bone environment that can apply
physiologically relevant mechanical forces to cells. This micro-
fluidic model was utilized to determine the effects of mechani-
cally stimulated osteocytes on the extravasation of breast
cancer cells (Fig. 1). This model can be used to study other can-
cer types that typically metastasize to the bone, such as pros-
tate cancer, or be applied to other tissue models of diseases that
typically undergo mechanical stimulation, such as in the lung.
Furthermore, this model could be utilized in drug studies to
identify their effects in a more controlled and physiologically
relevant mechanical microenvironment.

MATERIALS AND METHODS

Cell culture

MLO-Y4

MLO-Y4 cells (a gift from Dr. Lynda Bonewald, Indiana
University) were used as an osteocyte model. The cells were
maintained in tissue culture-treated petri dishes coated with
Type-I collagen (0.15 mg/ml rat-tail Collagen-I (Corning, USA) in
0.02N Acetic Acid (Sigma-Aldrich, USA)), and were grown in
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Figure 1 Bone metastasis process of breast cancer. Cancer cells break off from
the primary tumor and intravasate into the blood stream. Next, the cells adhere
to the endothelium and can extravasate towards the bone environment. We
believe mechanical loading of the osteocytes can regulate this extravasation
process.

MLO-Y4 medium (94% v/v a-MEM (Wisent, Canada), 2.5% fetal
bovine serum (FBS, Gibco, USA), 2.5% calf serum (CS, Thermo
Fisher, USA), 1% penicillin streptomycin (P/S, Gibco, USA)). The
MLO-Y4 cells were grown to 80% confluence, at which point
they were detached with Trypsin-EDTA (Gibco, USA), and pas-
saged up to passage 35 at 2-3 x 10° cells per dish.

RAW264.7

The RAW264.7 cell line (ATCC, USA) was differentiated into os-
teoclasts and used to produce osteoclast conditioned medium
(OCL CM). The cells were cultured on tissue culture-treated petri
dishes in RAW264.7 medium (87% v/v DMEM (Sigma-Aldrich,
USA), 10% FBS (Gibco, USA), 2% L-Glutamine (Gibco, USA), and
1% P/S). The cells were passaged every 3 days up to passage 14
by removing the cells from the dish using a cell scraper and re-
seeded at 500k cells per dish.

For osteoclastogenesis, RAW?264.7 cells were seeded in RAW264.7
medium supplemented with 50 ng/ml RANKL (Cedarlane, Canada)
and grown for 6 days. On day 7, the media was switched to
RAW264.7 medium. The media was then collected after one day
as OCL CM. Differentiation was validated by staining for tartrate
resistant acid phosphatase (TRAP) [17] with a TRAP-staining
solution (5 mg Naphthol AS-MX phosphate (Sigma-Aldrich, USA),
2501 Ethylene Glycol Monoethyl Ether (Sigma-Aldrich, USA),
50ml TRAP buffer (0.68g 100 mM Sodium Acetate Trihydrate
(Thermo Fisher, USA), 0.58 gL(+) Tartaric Acid (Sigma-Aldrich,
USA), 0.1ml 99.5% Acetic Acid in DI water), 30 mg Fast Red Violet
LB Salt (Sigma-Aldrich, USA)).

MDA-MB-231

MDA-MB-231 cells (ATCC, USA), a metastatic breast cancer cell
line, were grown in T-75 flasks in MDA media (F-12K (Gibco,
USA) with 10% FBS and 1% P/S). The cells were passaged every
3 days to passage 25 by trypsinizing the cells, and re-seeding at
5 x 10° cells per flask.

HUVEC

HUVEC’s (a gift from Dr. Craig Simmons, University of Toronto)
were used to generate vessel-like structures. They were main-
tained in T-75 flasks in HUVEC media (EndoMax base media
(Wisent, Canada) with 10% FBS, 2% Wisent Supplement (Wisent,
Canada), 1% P/S) until passage 10. The cells were passaged every
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week by first removing the cells from their flask with Trypsin-
EDTA, and re-seeding them at 5 x 10° cells per flask.

Pump Design

To generate oscillatory fluid flow (OFF) with a peak shear stress
of 1Pa and frequency of 1Hz, we made a custom microfluidic
pump (Fig. 2A), which consists of a stepper motor (Polalu, USA)
controlled by a microcontroller (Arduino, Italy) and a stepper
motor driver (ITEAD, China). The pump is used to compress and
release, in an oscillating fashion, a compliant tube attached to a
microfluidic device. This generates a pressure gradient along
the length of the channel, which produces fluid flow and shear
stresses within the device. A numerical model was developed in
MATLAB (MathWorks, USA) to determine microfluidic pump
and device parameters to generate physiologically relevant
shear stresses (0.8-5Pa for osteocytes [37-39]). Specific details
on the numerical model can be found in supplement S1.

Pump validation

The shear stresses generated by the pump were measured
through particle image velocimetry (PIV). A cell suspension
(1 M cells/ml) was loaded into a single microfluidic channel, and
the pump was used to generate fluid flow. The flow was re-
corded at 30 FPS using a microscope camera (Canon, Japan).
Frame by frame displacements of cells in the fluid were mea-
sured in Image] (NIH, USA), and were used to calculate the aver-
age fluid velocity and flow rate, Q, which was applied to
estimate the wall shear stresses, 7,55, With equation (1).

6Qu

Twss = m @

Where 4 is the fluid dynamic viscosity, h is the channel height,
and w is the channel width.

Calcium imaging experiments were performed to validate
that flow generated from the pump could stimulate a mechan-
oresponse in osteocytes seeded in a microfluidic channel simi-
lar to what is observed in well-established osteocyte
mechanobiology experiments [40]. MLO-Y4 cells were seeded in
the osteocyte (OCY) channel of a device on collagen I (Fig. 2B), or
on glass slides coated with collagen I for parallel plate flow
chamber (PPFC) controls. The cells were grown to 80% conflu-
ence and stained with Fura-2 AM (Ex: 340nm/380nm, Em:
510 nm; Thermo Fisher, USA). The stain was prepared by recon-
stituting 50 pg of Fura-2 AM in 50 ul of DMSO (Sigma-Aldrich,
USA) and diluting in 5 ml of working media (97% a-MEM without
phenol red, 1% FBS, 1% CS, and 1% P/S). The cells were washed
with DPBS, and the stain was applied to the cells for 45 minutes
at room temperature in darkness. The cells were rinsed with
DPBS and loaded with working media. The device was con-
nected to the pump (microfluidic or syringe pump (for the
PPFC)) and placed on the microscope for at least 30 minutes
before the experiment began to normalize the osteocyte me-
chanosensitivity. Cells were imaged using EasyRatioPro (PTI,
USA). For the first 1-2 minutes a static baseline reading of cell
response was taken, after which 2-3 minutes of flow (1 Pa, 1 Hz)
was applied to the osteocytes. After the experiment, the calcium
data (340nm/380nm ratio) was analyzed using a previously
developed MATLAB script [41]. A significant intracellular cal-
cium response was taken as at least twice the maximum base-
line peak.
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Figure 2. (A) Microfluidic pumping system consisting of stepper motor controlled by an Arduino microcontroller and a stepper driver that compresses gas-filled tubing
connected to a microfluidic chip. Loonie for scale. (B) MLO-Y4 osteocytes seeded in microfluidic channel. (C) 3D representation of microfluidic device with osteocytes
seeded within the OCY channel, breast cancer cells seeded within an endothelial lumen in the lumen channel, and side channels that the breast cancer cells invade
into. (D) Microfluidic chip with six microfluidic devices arrayed. OCY channel is dyed purple and the lumen channel is dyed blue.

Microfluidic device fabrication

A two-channel microfluidic device (Fig. 2C) was fabricated to
model osteocyte mechanoregulation of breast cancer extravasa-
tion (specific channel dimensions are provided in Fig. 2C). A
negative multi-layered silicon SU-8 master was produced using
SU-8 2050 and 2075 (Microchem, USA) to prepare the osteocyte
and side channel layers, and the lumen channel respectively by
following standard photolithography procedures [42].
Polydimethylsiloxane (PDMS) elastomer base and curing agent
(Dow Corning, USA) were mixed at a 10:1 ratio, degassed for 1
hour, poured on top of the master, and baked at 80°C for 4
hours. The PDMS devices were plasma treated for 1.5 minutes
and bonded to a glass slide to form the microfluidic chip
(Fig. 2D). The microfluidic chip was arrayed to increase fabrica-
tion and experimental throughput. Devices were used on the
same day of bonding.

Lumen fabrication

The channels were sterilized by incubating in 70% ethanol for
10 minutes, and then washed with DPBS three times. 100 pg/ml
fibronectin solution (Sigma-Aldrich, USA) diluted in DPBS was
used to coat the microchannels for 40 minutes. A hydrogel mix-
ture of collagen gel (50 pl 5X DPBS (Sigma-Aldrich, USA), 0.78 pl
of 50N NaOH (Sigma Aldrich, USA), 195 pl of 9.59 mg/ml Type I
rat tail collagen (Corning, USA)) and Matrigel® (Corning, USA)),
with final concentrations of 5.5mg/ml and 2.5 mg/ml respec-
tively, was prepared. The hydrogel mixture was pipette-loaded

to fill the entire lumen channel, and aspirated after 30 seconds
to form the lumen. Finally, the microchannels were incubated
at 37°C in a water bath for 45 minutes before adding in media.

Lumen validation

The lumen shape and integrity were validated by coating the
lumen walls with 1.0pm blue fluorescent microspheres (Ex:
365 nm, Em: 415 nm, Invitrogen, USA). The lumens were imaged
using a confocal microscope (Nikon, Japan). Similarly, to ensure
that endothelial cells could survive and form a physiological bar-
rier to cancer cell migration, HUVECs were pipette-loaded into
the hydrogel lumen at a density of 2 x 10° cells/ml per side. To
coat all circular sides of the lumen, the cells were loaded and the
channel was positioned so the cells would attach to one portion
of the channel at a time as previously described [43]. The cells
were incubated at 37°C for at least 6 hours to reach confluence
and form intercellular connections. Media for the cells was re-
placed every 24 hours for up to 78 hours. The cells were charac-
terized in the lumen at either 6 or 78hours using confocal
microscopy. To prepare the cells for imaging, the cells were fixed
with 10% formalin (Sigma-Aldrich, USA), stained with DAPI (Ex:
364nm, Em: 454 nm; Cell Signaling Technology, USA) to image
the cell nucleus, and then stained with a VE-cadherin primary
antibody (Abcam, UK) and a secondary antibody conjugated to
Alex Fluor™ 488 (Ex: 488 nm, Em: 520 nm; ThermoFisher, USA).
To demonstrate that bone residing cell released signals
could diffuse between channels, a 40kDa FITC conjugated
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dextran (Ex: 490 nm, Em: 520 nm; Sigma-Aldrich, USA) was used
as a model of VEGF, a potent regulator of endothelial function
that is also expressed by osteocytes [20, 21]. An acellular hydro-
gel lumen was prepared in the microfluidic device with DPBS
added to the lumen. The FITC dextran solution (1mg/ml in
DPBS) was added to the ‘OCY channel, and the lumen was
imaged at discrete time points using a fluorescent microscope
(Nikon, Japan). After the experiment, the images were analyzed
using ImageJ to quantify the fluorescent intensity along the
width of the hydrogel filled side channel and lumen. All intensi-
ties were normalized to the value obtained at the interface
between the lumen channel and the side channel.

Experimental design

Group I—uvalidation

As a proof of concept experiment, the ability of the device in al-
lowing cellular signaling and facilitating extravasation response
was validated by confirming the effect of osteoclast-released fac-
tors, a known stimulator of breast cancer bone metastasis [44],
on cancer cell extravasation. Specifically, MLO-Y4 osteocytes
were seeded in the OCY channel in either MLO-Y4 media or a 1:1
mixture of MLO-Y4 media and OCL CM. Acellular controls were
prepared with only MLO-Y4 media added to the OCY channel.
The devices were incubated overnight, and an endothelial lumen
was prepared with HUVECs stained with CellTracker™ Red (Ex:
577 nm, Em: 602 nm; Invitrogen, USA). After 6 hours, MDA-MB-
231 cells stained with CellTracker™ Green (Ex: 492nm, Em:
517 nm; Invitrogen USA) were seeded on the lumen side adjacent
to the side channels, and the cells were provided a 1:1 mixture of
HUVEC and MDA-MB-231 media. The side channels were imaged
every 24hours using fluorescent microscopy. Media in both
channels were replaced every 24 hours.

Group II—extravasation while osteocytes under flow in the

OCY channel

To study the impact of mechanically stimulated osteocytes on
breast cancer extravasation, MLO-Y4 osteocytes were seeded in the
OCY channel and either underwent daily fluid stimulation (1Pa,
1Hz) for 2 hours for the first 2 days of the experiment, or were kept
static. The endothelial lumen channel was kept static under all cir-
cumstances. Acellular controls were again prepared as above. The
lumen channel was prepared by seeding HUVECs and MDA-MB-
231 cells as described above. The side channels were fluorescently
imaged and media was replaced every 24 hours.

Group Ill—extravasation while flow in the unseeded OCY channel

To investigate whether the integration of fluid flow in the OCY
channel affect breast cancer extravasation, channels were pre-
pared as above in Group II, but with no osteocytes seeded in the
OCY channel. The OCY channel was exposed to fluid flow as

Table 1. Extravasation conditions.

Mechanoregulation of bone metastasis on-chip | 5

described above, or was kept static for the experiment duration.
The endothelial lumen channel was again kept static under all
circumstances. The side channels were again fluorescently
imaged every 24 hours.

Different experimental conditions are summarized in
Table 1.

Statistics

All statistical analysis was performed using RStudio® (RStudio,
USA). The calcium results were analyzed by comparing the per-
centage of responding cells and the mean magnitude of that
response in the microfluidic device and the PPFC. Statistical sig-
nificance was assessed by performing the student’s t-test.

In the extravasation experiments, each side channel was
quantified in terms of 1) extravasation distance and 2) the per-
centage of extravasated side channels out of all the side chan-
nels in the device. Cancer cell extravasation distance was
quantified by measuring the average change in position of
MDA-MB-231 cells (green fluorescent stained cells) from the
hydrogel boundary at 24 hours and 72 hours using ImageJ. The
percentage of extravasated side channels was determined by
counting the number of side channels with at least one breast
cancer cell and dividing it by the total number of side channels
on the device. Furthermore, duplicate conditions on the same
microfluidic chip and/or in the same incubator were also aver-
aged together. For Group I and II experiments, both extravasa-
tion distance and extravasation percentage were normalized to
acellular controls on the same microfluidic chip and/or in the
same incubator. All results were paired with experimental con-
ditions performed simultaneously on the same microfluidic
chip and/or in the same incubator. Statistical analysis of the
extravasation data was performed with paired t-tests. For all ex-
periments, the Holm-Bonferroni method was applied for multi-
ple comparisons, and statistical significance was taken at
a=0.05.

RESULTS

Microfluidic pump validation

The numerical model was developed to calculate the shear
stress within the microfluidic device, which is compared to the
shear stress calculated by the velocity measured by PIV in the
device given different pump parameters (Fig. 3A). Both the
model and experimental results demonstrated that physiologi-
cal wall shear stresses could be generated using this pump. This
pump was also able to stimulate calcium responses in osteo-
cytes (Fig. 3B), which were not significantly different than those
produced using a PPFC in terms of percentage of responding

Experiment Condition MLO-Y4 Media OCL CM MLO-Y4 Cells Flow in OCY channel
Group I Acellular Control 100% - - -
MLO-Y4 100% - + -
MLO-Y4 + OCL CM 50% 50% + -
Group II Acellular Control 100% - - -
MLO-Y4 100% - + -
MLO-Y4 + Flow 100% - + +
Group III Static 100% - - -
Flow 100% - - +
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Figure 3. (A) Comparison of experimental (blue lines) and model (red lines) predicted wall shear stresses in the microfluidic device using different pumping para-
meters. (B) Typical osteocyte calcium responses obtained within the microfluidic device and PPFC. Representative calcium response curves in multiple different osteo-
cytes were presented in the lower panel. Dotted black lines designate time when flow was turned on. (C) Box plots comparing the percentage and mean magnitude of
calcium response in the microfluidic device and the PPFC. N =5 for the microfluidic device and N = 11 for the PPFC.
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Figure 4. (A) Isometric and front view of lumen in microfluidic device coated on all sides with fluorescent microbeads. (B) VE-cadherin (green) and DAPI nuclear staining
(blue) of HUVECs seeded within a microfluidic lumen at 6 hours and 78 hours after initial seeding. Also includes the isometric view of a HUVEC containing lumen at 78 hours.
(C) Images at different time points of FITC conjugated dextran dye diffusing from the OCY channel (left) into the acellular hydrogel lumen (right). As well, plot of fluorescent
intensities measured along the width of the side channel into the lumen channel at different time points. Fluorescent intensities are normalized to the interface between
the side channel and the lumen channel. The red ‘x’ designates x = 0 pm on the plot, and the red bar on the right designates the point of normalization for comparing plots.
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cells (82.3% vs. 61.7%) and mean response magnitude of re-
sponding cells (3.71 vs. 3.13 times baseline) (Fig. 3C).

HUVEC seeded microfluidic lumen validation

The lumen was uniformly ellipsoidal in shape along its length
(Fig. 4A). HUVECs were also able to achieve confluence and pro-
duce VE-cadherin intercellular connections 6 hours after seed-
ing within the lumen (Fig. 4B). These intercellular junctions
were able to be maintained for the entire 78 hours of the experi-
ment (Fig. 4B). As well, the acellular hydrogel lumen permitted
diffusion of dextran with similar molecular weights to many
regulatory signals (e.g. VEGF, RANKL) [45, 46] (Fig. 4C).

200 pm
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Extravasation of breast cancer cells to the bone
environment

Group I—validation

We validated that this platform can stimulate cancer cell
extravasation towards signals secreted by osteoclasts.
Supplementation of OCL CM to the MLO-Y4 cells induced a sig-
nificant increase in extravasation distance compared to just
MLO-Y4 cells (134.5 pm vs. 63.8 ym, or 72.4% vs. 31.3% of the con-
trol distance) (Fig. 5A). However, no difference was observed in
terms of the percentage of extravasated side channels (non-nor-
malized 60.0% for MLO-Y4 cells with OCL CM vs. 55.7% for just
MLO-Y4 cells, or 66.1% for MLO-Y4 cells with OCL CM vs. 57.9%
for just MLO-Y4 cells normalized to control) (Fig. SA).
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Figure 5. (A) Group I experiment: representative fluorescent images of breast cancer cells (green) extravasating through the endothelial cell lumen (red) into the side

channel when exposed to signals from just MLO-Y4 cells, or MLO-Y4 cells supplemented with OCL CM. Plots comparing the extravasation distance and percentage of

extravasated side channels of pairs of both conditions. N = 7 pairs. (B) Group II Experiment: Fluorescent images of MDA-MB-231 cells extravasating into side channels
given signals from MLO-Y4 cells or MLO-Y4 cells exposed to OFF mechanical stimulation. Plots comparing the extravasation distance and percentage of extravasated
side channels of pairs of both conditions. N = 6 pairs. (C) Group III Experiment: Fluorescent images of MDA-MB-231 cells extravasating into side channel in devices that
undergo no flow, or flow. Plots comparing breast cancer cell extravasation distance and percentage of side channels extravasated into side channels. N = 7 pairs.
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Group II—extravasation while osteocytes under flow in the

OCY channel

To investigate the regulation of breast cancer extravasation by
osteocytes under flow, we compared cancer cell extravasation
when osteocytes were stimulated with fluid shear stresses to
unstimulated osteocytes. We observed a significant reduction in
extravasation distance in the OFF condition (36.6 pm, or 32.4% of
the control) compared to the static osteocytes (110.3 ym, or
102.1% of the control) (Fig. 5B). In terms of the percentage of side
channels extravasated, there was also a significant decrease
when OFF was applied to the MLO-Y4 cells (33.8% non-
normalized, or 53.5% of the control) compared to without (67.2%
non-normalized, or 107.3% of the control) (Fig. 5B).

Group Ill—extravasation with flow in the unseeded OCY channel
Finally, to investigate whether the observed difference in
extravasation in the group II experiment is due to flow-induced
mechanical property gradients (e.g. pressure) across the side
channels, we quantified the extravasation of breast cancer cells
in response to acellular OCY channels exposed to flow or no-
flow. We observed no significant difference between the appli-
cation of flow or no-flow on both extravasation distance
(144.3pm and 119.0pm respectively) and the percentage of
extravasated side channels (82.9% and 67.9% respectively)
(Fig. 5C).

DISCUSSION

Metastasis of breast cancer to the bone is a serious condition,
which significantly reduces the quality of life and worsens prog-
nosis in patients. Clinical and in vivo studies have shown that
exercise may have positive effects on patients with bone metas-
tasis [7, 8] and, more specifically, our recent in vitro study sug-
gested an impact of mechanical loading of bone cells on
preventing breast cancer extravasation [18]. Despite these find-
ings, currently there is no microfluidic tissue platform to inves-
tigate the impact of exercise on breast cancer bone metastasis
through osteocyte mechanoregulation. Therefore, we developed
a novel microfluidic tissue platform that provides a physiologi-
cally relevant mechanical bone cell microenvironment for
studying the breast cancer cells extravasation, allows for real-
time intercellular communication between different cell popu-
lations, and integrates stimulatory bone fluid flow at physiologi-
cal levels.

Using our platform, we observed an increase in extravasa-
tion distance of the cancer cells in the presence of OCL CM, but
no significant effect on the percentage of side channels extrava-
sated (group I) (Fig. SA). Osteoclasts are known to stimulate can-
cer metastasis by both the breakdown of bone matrix (thereby
releasing growth factors), and the direct secretion of osteoclast
signals [9]. In the absence of bone matrix resorption, studies
have shown that deproteinized OCL CM and lipids extracted
from OCL CM promote cancer migration through the up-
regulation of arachidonic acid and the down-regulation of lyso-
phosphatidylcholine [44]. In addition, sphingosine 1 phosphate
(S1P) is secreted by osteoclasts [47], and is known to promote
breast cancer migration [48] by upregulating matrix metallopro-
teinase (MMP)-9 [49], which breast cancer cells utilize to degrade
extracellular matrix (ECM). However, S1P also has the ability to
enhance endothelial integrity [50], thereby inhibiting the extrav-
asation of breast cancer cells. It is likely that the extravasated
MDA-MB-231 cancer cells extravasated farther via increased
matrix degradation, while the percentage of extravasation is
still comparable between conditions due to protection of the

endothelium barrier. This result validates our platforms capa-
bility for allowing inter-cell population signaling between chan-
nels, and permitting an extravasation response. Furthermore,
our results agree with previous findings [9, 44], and supports the
need to investigate osteoclast secreted factors for potential new
drug therapies.

When the effects of OFF-stimulated osteocytes on breast
cancer extravasation was investigated (group II), we observed a
significant reduction in extravasation distance and percentage
compared to static osteocytes (Fig. 5B). The reduced extravasa-
tion distance agrees with our previous finding, where CM from
osteocytes exposed to flow reduced cancer trans-endothelial
migration [18]. Mechanically stimulated osteocytes are known
to increase adenosine triphosphate (ATP) secretion, through
activation of gap junction hemichannels [51], and decrease
RANKL release [27], which could both inhibit breast cancer
migration [52, 53]. Furthermore, the application of flow reduces
osteocyte apoptosis [54], which reduces IL-6 expression [55], a
factor that stimulates cancer cell expression of MMP’s [56, 57].
Previously, we observed that conditioned media from endothe-
lial cells exposed to signals produced by flow-stimulated osteo-
cytes significantly reduced the bone-metastatic breast cancer
cells’ gene expression of MMP-9 and frizzled-4 (FZD4), which are
known to be involved in the cellular response, signaling, and
locomotion aspects of metastasis [19]. However, mechanical
stimulation also up-regulates prostaglandin E2 (PGE-2) [58] and
TGF-p1 [59] in osteocytes, both of which have been implicated in
promoting metastasis through the increase of MMP expression
in various cancers [60, 61]. Therefore, more specific investigation
is needed in determining which of these factors are most impor-
tant in regulating breakdown of the ECM. In terms of extravasa-
tion percentage, a significant reduction was observed when the
MLO-Y4 cells were exposed to flow (Fig. 5B). This suggests signals
generated by mechanically stimulated osteocytes are reducing
extravasation through the endothelial barrier. This is potentially
due to increased PGE-2 secretion by mechanically loaded MLO-
Y4 cells [58], as PGE-2 is capable of enhancing the endothelial
barrier and reducing endothelial permeability [62]. Further inves-
tigation is also needed to characterize this mechanism.

We finally investigated the direct effect of flow in the OCY
channel on breast cancer extravasation by comparing two acel-
lular conditions with or without flow (group III). No significant
difference in extravasation distance and percentage were
observed (Fig. 5C). Interestingly, it has been demonstrated that
hydrostatic pressure applied to endothelial cells decreases VE-
cadherin expression and destabilizes adherent junctions [63],
and many studies have also shown that mechanical compres-
sion on cancer cells increases their ability to invade [64, 65],
both of which should stimulate increased extravasation. We
infer that the mechanical forces (e.g. pressure, fluid shear stres-
ses) applied to the OCY channel aren’t able to transduce
through the side channel into the lumen and, therefore, this
pro-metastatic effect is not observed. Based on this and our pre-
vious mass transport analysis using a similar microfluidic sys-
tem [42], we believe transport of osteocyte signal is mainly
diffusion regulated. More specifically, this model’s implementa-
tion of hydrogel in the side channel would further minimize the
convective mass transfer, which was already significantly
reduced in our previous hydrogel-free platform [42].

While this microfluidic model provides significant improve-
ments in terms of incorporating relevant mechanical stimuli to
the bone metastatic environment, this model is not without
limitations. For instance, this model lacks a relevant structural
bone environment. In vivo, osteocytes reside within an
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interconnected network called the lacunar-canalicular system,
where they would experience modulated mechanotransduction
due to differential attachments of various mechanosensors
(such as the primary cilia, and tethering elements attached to
cellular processes) [66-68]. However, both this work (Fig. 3B) and
various ‘macro’ scaled models have demonstrated that osteo-
cytes are able to generate relevant signaling in response to
physiological levels of flow as is observed in vivo [27, 69].
Although the MLO-Y4 cells in our platform reside on a thin layer
of collagen I instead of a physiological stiff structural bone envi-
ronment, the stiff underlying substrate is still likely able to
induce a physiological response [70, 71], unlike typical 3D
hydrogel platforms where the cells are embedded within a soft
substrate [72]. Furthermore, seeding osteocytes on collagen I
coated glass slides is commonly used and validated in osteocyte
mechanobiology studies [73].

Another limitation of this model is the potential variability
in the shear stresses applied to the cells. Although the model
fits the experimental data well across numerous device para-
meters, it still miscalculated shear stresses by approximately
20% (Fig. 3A). This flow system is sensitive to changes in chan-
nel heights, and this lack of flow accuracy could be accounted
for by variations in channel heights that are common in SU-8
based microfabrication. This variability could be reduced by
using more consistent microfabrication techniques, like hot
embossing or micro milling.

Furthermore, the density of MDA-MB-231 cells injected to
the lumen is much higher than the amount of circulating tumor
cells (CTCs) present physiologically [74]. Nevertheless, as our
focus is on the extravasation after adhesion, having an elevated
extravasation baseline due to the numerous cancer cells helps
us to investigate the impact of MLO-Y4 cell signaling. We are
also using a mixture of rat-tail collagen I and Matrigel® to repre-
sent the ECM. Although Type I collagen is the main component
of the bone matrix, the addition of Matrigel® here resembles the
endothelial basement membrane, enhances vascular endothe-
lium growth, and provides relevant growth factors found within
bone matrix [75].

Lastly, use of combination of mouse-derived and human cell
lines, as well as cell lines from the bone and umbilical cord en-
vironments may raise concerns on the across-species variation.
However, MDA-MB-231 cells are widely used in mouse models
[76-79], and HUVECs are often used to represent the endothe-
lium in breast cancer bone metastasis studies [31, 80, 81]. Using
these cell lines in our study allows us to compare our work with
work previously published in the literature. The use of estab-
lished cell lines, such as the MLO-Y4 cells that are the most
studied and characterized cell line for investigating osteocyte
mechanobiology [73, 82], also provides better control of experi-
ments with less uncertainty and variability. Additionally,
although the MLO-Y4 cell line is known to not express certain
signals characteristic of primary osteocytes [83, 84], the use of
cell lines can be beneficial in terms of producing general treat-
ment recommendations, as opposed to specific results obtained
from patient-provided primary cells. Moreover, an advantage of
this microfluidic platform is that it could eventually incorporate
primary osteocytes, which are difficult to isolate and terminally
differentiated [83], making them non-viable for macro-scaled
experiments.

In this study we established a new tool for investigating
osteocyte-regulated breast cancer bone metastasis through
mechanical stimulation. This device will support future investi-
gation in the specific mechanisms underlying bone loading

Mechanoregulation of bone metastasis on-chip | 9

regulation of bone metastasis, and testing the effect of specific
drugs for mitigating the risks of bone metastasis. One of the
potential directions we could investigate will be the suppression
of MMPs expression due to soluble factors secreted by mechani-
cally stimulated MLO-Y4 cells, such as PGE-2 and TGF-pl.
Additionally, we could investigate VE-cadherin function and
permeability regulation by flow-induced osteocyte signaling. As
well, this device could be used as a model for other types of can-
cer metastasis to bone, or other organs undergoing mechanical
stimulation, such as the lung. Furthermore, the integration of
on-chip biosensors as our long-term goal could allow for real-
time investigation of various cellular factors involved in the
metastatic process [85], quantitative measurement of cancer
invasion [86], as well as modifications in endothelial permeabil-
ity through electrical impedance measurements [87, 88].

In summary, we developed a novel microfluidic platform for
the study of breast cancer extravasation in bone through a rele-
vant and cellularized 3D microfluidic tissue in vitro. This device
enables the integration of physiologically relevant bone fluid
flow stimulation and real-time intercellular signaling between
three different cell-types. Using this platform, we confirmed
previous results obtained by our lab that suggest mechanically
stimulated osteocytes inhibited transendothelial breast cancer
extravasation. This platform can provide insights into the role
of fluid-based mechanoregulation of various metastatic cancers
in a more relevant tissue environment than typical in vitro stud-
ies and help bridge the gap between in vitro and in vivo experi-
mentation in the bone metastasis field.

Supplementary data

Supplementary data is available at INTBIO online.
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