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a b s t r a c t

Bone cells exist in a complex environment where they are constantly exposed to numerous dynamic bio-
chemical and mechanical stimuli. These stimuli regulate bone cells that are involved in various bone dis-
orders, such as osteoporosis. Knowledge of how these stimuli affect bone cells have been utilised to
develop various treatments, such as pharmaceuticals, hormone therapy, and exercise. To investigate
the role that bone loading has on these disorders in vitro, bone cell mechanotransduction studies are typ-
ically performed using parallel plate flow chambers (PPFC). However, these chambers do not allow for
dynamic cellular interactions among different cell populations to be investigated. We present a microflu-
idic approach that exposes different cell populations, which are located at physiologically relevant dis-
tances within adjacent channels, to different levels of fluid shear stress, and promotes cell-cell
communication between the different channels. We employed this microfluidic system to assess
mechanically regulated osteocyte-osteoclast communication. Osteoclast precursors (RAW264.7 cells)
responded to cytokine gradients (e.g., RANKL, OPG, PGE-2) developed by both mechanically stimulated
(fOCY) and unstimulated (nOCY) osteocyte-like MLO-Y4 cells simultaneously. Specifically, we observed
increased osteoclast precursor cell densities and osteoclast differentiation towards nOCY. We also used
this system to show an increased mechanoresponse of osteocytes when in co-culture with osteoclasts.
We envision broad applicability of the presented approach for microfluidic perfusion co-culture of mul-
tiple cell types in the presence of fluid flow stimulation, and as a tool to investigate osteocyte mechan-
otransduction, as well as bone metastasis extravasation. This system could also be applied to any multi-
cell population cross-talk studies that are typically performed using PPFCs (e.g. endothelial cells, smooth
muscle cells, and fibroblasts).

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Bone consists of a multitude of cells, including osteoclasts (bone
resorption cells), osteoblasts (bone formation cells), and osteocytes
(bone cells embedded in the bone matrix) (Clarke, 2008). These
cells are subjected to different mechanical stimuli and biochemical
signals that modulate their response. These cellular responses can
regulate a variety of bone disorders, including increasing osteoclast
activity associated with osteoporosis and bone metastasis. By
understanding these cellular responses, it is possible to develop
novel strategies for overcoming these bone disorders and patholo-

gies (Rochefort, 2014; Zheng et al., 2013). However, recapitulating
this complex environment in vitro is challenging.

One common clinical intervention for these disorders is stimu-
lating bone through exercise (Beaton et al., 2009; Nikander et al.,
2010). Osteocytes are located within interstitial spaces known as
lacuna, and their processes connect through narrow channels
known as canaliculi, making up the lacunar-canalicular system
(LCS) (Schneider et al., 2010; You et al., 2004). When a load is
applied to bone, the LCS is compressed, inducing a variety of
mechanical stimuli, including fluid shear stresses (FSS) (Price
et al., 2011). This results in changes in the expression of osteocyte
generated signals, such as receptor activator of nuclear-j b ligand
(RANKL) (Xiong and O’Brien, 2012), osteoprotegerin (OPG) (You
et al., 2008a), nitric oxide (NO) (Vatsa et al., 2007), prostaglandin
E2 (PGE-2) (Kitase et al., 2010), and sclerostin (Nguyen et al.,
2013). Osteocytes communicate to other cells through paracrine
signaling (Schaffler and Kennedy, 2012) and gap junctions (Jiang
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et al., 2007). Because of their thorough distribution within bone,
and their sensitivity to various mechanical stimuli, osteocytes are
critical in regulating the response of bone to mechanical stimula-
tion (Bonewald and Johnson, 2008), and likely regulate many bone
pathologies (Bonewald, 2004; Zhou et al., 2016).

Most in vitro osteocyte mechanotransduction and cell regula-
tion studies are performed using parallel plate flow chambers
(PPFC), where osteocyte-like cells are subjected to FSS, and condi-
tioned medium is applied to different cells (Cheung et al., 2011;
You et al., 2008a). However, this methodology lacks dynamic and
real-time biochemical signaling between the cells involved, the cell
signaling is unidirectional, and it ignores interactions of low half-
life signals, such as NO (Clancy et al., 1990). Additionally, these
macro-scaled chambers prevent the use of primary osteocytes
(Kato et al., 1997) due to the large cell numbers required. Various
microfluidic platforms have been developed to study the mechan-
ical stimulation of bone cells. These include a multi-shear platform
to investigate osteoblast calcium dynamics (Kou et al., 2011), a
magnetic stimulator to promote osteoblast proliferation (Song
et al., 2010), as well as a model of the LCS (You et al., 2008b). How-
ever, none of these platforms address the limitations of cellular
cross-talk that currently exists with PPFCs.

To mitigate these constraints, different co-culture systems have
been developed to investigate a variety of intercellular signaling
pathways (Miki et al., 2012); the most common being transwell
inserts. However, transwells have limited capabilities to apply
FSS to cells. Specifically, rotating disks have been used to apply
flow to transwells, resulting in radially dependent FSS (Taylor

et al., 2007). As well, flow can only be applied to the population
of cells seeded on the top of the transwell. Various microfluidic
systems have also been developed to perform flow based co-
culture. These devices have one cell type embedded in a gel
(Chen et al., 2013; Sellgren et al., 2015), use model extracellular
matrix (ECM) (Jeon et al., 2013), or use porous membranes to sep-
arate different cell populations (Booth and Kim, 2012). However,
these techniques reduce signal transport between the cell popula-
tions separated by the gel (Amsden, 1998), and can be complex to
fabricate for biologically focused labs.

In this work, we present a gel-free microfluidic co-culture sys-
tem. High resistance side channels allow this system to apply iso-
lated stimulatory flow (>0.5 Pa) (Li et al., 2012) while promoting
signaling between different cell populations. Our device is vali-
dated through analytical modeling and experimental measure-
ments. Finally, this device was used to investigate osteoclast
precursor responses to signals produced by mechanically stimu-
lated (fOCY) or unstimulated (nOCY) osteocytes, as well as the reg-
ulation of osteocyte mechanosensitivity by osteoclasts.

2. Materials and methods

2.1. Device development

The device models the bone microenvironment in terms of developing cell sig-
naling gradients and fluid flow stimulation (Fig. 1A). The device consists of either 2
or 3 parallel cell culture channels (Length: 1.6 cm, Width: 1 mm, Height: 60 lm)
depending on the experiment being performed. Each channel is separated by high
resistance side channels (Length: 200 lm, Width: 20 lm, Height: 60 lm) at a

Fig. 1. (A) A direct comparison of the physiological environment of the basic multicellular unit (BMU) and our co-culture device. In both cases osteocytes are exposed to
physiological levels of FSS across the cell bodies and processes. As well, osteoclast precursors (in a blood vessel in vivo) are exposed to an osteocyte developed signaling
gradient, allowing them to migrate to the bone site, aggregate, and fuse into osteoclasts. (B) Layout of a 3-channel microfluidic device, showing placement of connections to
the syringe pump and reservoir. Close up of the cell culture region shows the co-culture experimental setup, with MLO-Y4 cells seeded in the fOCY and nOCY channels and
RAW264.7 cells seeded in the OCL channel. The flow setup is also presented, where the fOCY channel is subjected to a steady stimulatory flow (>0.5 Pa). (C) 3D model of the
microfluidic device including stainless steel manifold, syringe reservoir and connections to syringe pump.
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physiologically relevant distance (Pfeiffer, 1998) to minimize convection between
channels. The device layout was chosen to fit within a previously designed manifold
(Fig. 1B and C). Details of the experimental setup are described in supplement S1.
Fabrication of the devices involved the development of a SU-8 (Microchem) master
using standard soft lithography techniques, followed by plasma bonding a poly-
dimethylsiloxane (Dow Corning) device onto a glass slide.

2.2. Flow isolation analysis

To validate that stimulatory flow could be isolated to one channel, a cell suspen-
sion was loaded into a 3-channel device, and the osteoclast (OCL) and nOCY chan-
nels were closed to reduce convective transfer. The fOCY channel received a steady
flow of 10.3–103 ll/min, corresponding to a wall FSS, sWSS, of 0.2–2 Pa based on Eq.
(1) (Bacabac et al., 2005).

sWSS ¼ 6Ql
h2w

ð1Þ

where Q is the fluid flow rate, l is the dynamic viscosity of the fluid, h is the channel
height, and w is the channel width. Cell streaks were recorded at 30 FPS (Video S1),
and measured in ImageJ (NIH) to determine the flow velocity and resulting FSS. This
was compared to an analytical model of flow (supplement S2).

2.3. Signal transport between channels

We investigated the diffusion of three signals that regulate osteoclastogenesis:
RANKL, OPG, and PGE-2 (Kaji et al., 1996; Sims and Martin, 2014). To measure the
transport of these signals experimentally, fluorescent dyes with similar molecular
weights were perfused through one channel of a 2-channel device. 20 kDa FITC-
Dextran (Sigma-Aldrich) (Ex: 490 nm, Em: 520 nm), 70 kDa FITC-Dextran (Sigma-
Aldrich) (Ex: 490 nm, Em: 520 nm), and 376 Da fluorescein sodium salt (Sigma-
Aldrich) (Ex: 460 nm, Em: 515 nm) modeled RANKL (Zhang et al., 2009), OPG
(Wright et al., 2009), and PGE-2 respectively. One channel of a 2-channel device
was loaded with the dye solution (1 mg/ml in a-minimum essential medium (a-
MEM) without phenol red (Life Technologies)), and the other channel with a-
MEM without phenol red. A perfusion flow of 1 ll/min was applied to both chan-
nels, and the fluorescent intensity across the non-dyed channel was quantified
using ImageJ for up to 6 h. The results were compared to an analytical model of dif-
fusion (supplement S3).

2.4. Cell culture

Osteocyte-like MLO-Y4 cells (a gift from Dr. Lynda Bonewald, Indiana Univer-
sity) were seeded on dishes coated with collagen (4.3% rat-tail collagen-I (Corning),
95.7% 0.02 N acetic acid (Sigma-Aldrich)). The cells were maintained with MLO-Y4
medium (94% a-MEM (Gibco), 2.5% fetal bovine serum (FBS) (Gibco), 2.5% calf
serum (CS) (Gibco), 1% penicillin-streptomycin (P/S) (Gibco)). MLO-Y4 cells were
grown to 70–80% confluence, and maintained up to passage 40.

RAW264.7 cells (ATCC), a model of osteoclast precursors, were maintained in
uncoated dishes in RAW medium (87% Dulbecco’s modified eagle medium (DMEM)
(Sigma-Aldrich), 10% FBS, 2% L-Glutamine (Gibco), and 1% P/S). RAW264.7 cells
were maintained up to passage 14.

2.5. Supplemental media experiment

RAW264.7 cells were seeded in RAW medium in one channel of a 2-channel
device (Fig. 4A). The adjacent channel contained either RAW media as a negative
control, or RAW media supplemented with 50 ng/ml of RANKL (R&D Systems). A
perfusion flow of 1 ll/min was applied to both channels for six days. During the first
four days, the cells were imaged at 8 fixed locations in the channel, and the cell den-
sity was quantified across the width of the channel. After six days, the number of
multinucleated cells was counted across the width of the channel.

2.6. Co-culture experiment and TRAP staining

MLO-Y4 cells were seeded within the fOCY and nOCY channels on collagen, and
RAW264.7 cells were in seeded in the OCL channel (Fig. 5A). The cells were perfused
at 1 ll/min with MLO-Y4 and RAW264.7 media respectively. Every day, the fOCY
channel received a steady FSS (2 Pa, 1 h), while the OCL and nOCY channels were
blocked. During the first four days, the OCL channel was imaged at 8 fixed locations,
and the RAW264.7 cell density was quantified across the width of the channel. After
six days, the OCL channel was fixed and stained for tartrate resistant acid phos-
phatase (TRAP), a marker of osteoclast formation (You et al., 2008a), using a TRAP
kit (Sigma–Aldrich). The number of osteoclasts (TRAP+, multinucleated) was
counted across the width of the OCL channel.

2.7. Intracellular calcium measurement

MLO-Y4 cells were seeded in the fOCY channel of a 2-channel device on colla-
gen. In the adjacent channel, either RAW264.7 cells (OCY-OCL) or MLO-Y4 cells
(OCY-OCY) were seeded. MLO-Y4 cells were perfused with MLO-Y4 media, and
RAW264.7 cells were perfused with RANKL supplemented RAW medium (10 ng/
ml RANKL) at 1 ll/min. The cells were maintained for 6 days to allow the osteoclast
precursors to differentiate and MLO-Y4 cells to achieve confluence. The cells were
stained with Fura-2 AM dye (Life Technologies) (Ex: 340 nm/380 nm, Em:
510 nm), a ratiometric calcium indicator. Cells were fluorescently imaged for the
duration of the experiment using EasyRatioPro (PTI). A 3 min baseline measure-
ment was recorded, after which flow (2 Pa) was applied for 3 min. Finally, flow
was turned off, and the cells were imaged for an additional 3 min. At least 30 cells
were selected in the same field of view to be analysed. The fluorescent ratio
(340 nm/380 nm) was analysed using a previously developed MATLAB script
(MathWorks). A significant peak was taken to be at least twice the maximum base-
line peak. The ratiometric data was converted to calcium concentration using a cal-
ibration curve developed for our imaging setup (Supplement S4).

2.8. Statistical analysis

For analysing osteoclast precursor population growth and differentiation, the
OCL channel was divided into regions that were 200 lm wide (Supplement S5).
Cells were quantified within these regions, and normalized to the average number
of cells. Precursor densities were also normalized to the original cell seeding den-
sity. Finally, in the supplemental media experiment, RANKL precursor densities
were normalised to the control results. Counts for different regions of the channel
were compared using one-way analysis of variance, followed by Tukey’s post hoc
analysis. For the calcium experiments, the percentage of significantly responding
cells and the mean magnitude of that response were compared using the student
t-test with the Holm-Bonferroni correction. Statistical significance was taken at
a = 0.05.

3. Results

3.1. Fluid shear stresses in co-culture system

In the full experimental setup, a 2 Pa flow is applied to the
device. Experimentally, a FSS of 1.65 Pa, 0.28 Pa, and 0.07 Pa was
measured in the fOCY, OCL, and nOCY channels respectively
(Fig. 2). This result is similar to our analytical prediction of a
1.54 Pa FSS in the fOCY channel. We took the threshold mechanical
stimulation to be 0.5 Pa, as this was the shear stress level where
Cox-2 and RANKL/OPGmRNA of MLO-Y4 cells was not significantly
altered relative to static (Li et al., 2012). This suggests that the cells
in the nOCY channels would not experience significant levels of
mechanical stimulation.

Fig. 2. FSS calculated from the flow velocities measured in each channel, given a
specific input flow rate to the fOCY channel. Error bars are one standard deviation.
(N = 3+). The black line represents ‘ideal flow’, where the flow remains entirely in
the fOCY channel, and the red line is predicted by our analytical model. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3.2. Diffusion between channels during perfusion

During all experiments, a perfusion flow is applied continuously
to supply nutrients to cells, and to promote the development of
signal gradients between cell channels. From the obtained diffu-
sion data (Fig. 3), we calculated the root mean square (RMS) diffu-
sive distances to be 106 ± 17 lm for OPG, 127 ± 19 lm for RANKL,
and 221 ± 31 lm for PGE-2. A 1D random walk model predicts an
RMS of 81 lm for OPG, 107 lm for RANKL, and 217 lm for PGE-
2, which is an under-prediction for OPG and RANKL. Similarly,
our analytical model of the equilibrium signal gradient under-
predicts OPG and RANKL (Fig. 3D and H). This is likely caused by
small deviations in the channel heights that bias convective mass
transfer to the lower resistance cell culture channels, as well as
limitations of using a 1D model.

3.3. Response of osteoclast precursors to RANKL gradients

During the first 4 days, no obvious change in relative cell den-
sity was observed in the negative control (Fig. 4B and C); however,
when RANKL supplemental medium was supplied, the cells prefer-
entially increased density towards the RANKL source
(Fig. 4E and F). When the supplemental media results were nor-
malized to the negative control experiment, a significant increase
in cell density within 200 lm of the RANKL channel was observed
(Fig. 4I). After 6 days, there was no sign of osteoclastogenesis in the
negative control (Fig. 4D), while, when a RANKL gradient was
applied, multinucleated cells were observed to form, primarily
within 600 lm of the RANKL source (Fig. 4G, H, and J).

3.4. Response of osteoclast precursors to signals produced by
osteocytes

After 4 days the precursor density significantly increased within
200 lm of the nOCY channel (Fig. 5I). Furthermore, after 6 days a
significant increase in TRAP+ multinucleated cells was also
observed within 200 lm of the nOCY channel (Fig. 5J).

3.5. Osteocyte mechanosensitivity affected by osteoclasts

In both the OCY-OCY and OCY-OCL experimental groups, FSS
stimulated a spike in intracellular calcium (Fig. 6A and C). Specifi-
cally, when osteocytes were co-cultured with other osteocytes,
only 33 ± 7% of the cells had a significant calcium response. How-
ever, when co-cultured with osteoclasts, the percentage of
responding osteocytes increased to 71 ± 14% (Fig. 6E). There was
no significant difference in terms of the mean magnitude of the
response for both conditions (Fig. 6F).

4. Discussion

Current PPFCs are limited when investigating mechanically reg-
ulated cell interactions. Specifically, these systems lack direct and
dynamic cell signaling, allow only unidirectional signaling, and
omit low half-life signal interactions. Furthermore, these macro-
scaled platforms are not applicable for primary osteocyte studies
due to the large number of cells required. There have been recent
developments in flow based co-culture systems that use gels to
isolate fluid stimulation, but these systems are limited as the use
of gel restricts signal diffusion, and requires fabrication techniques

Fig. 3. Fluorescent images of signal gradients of fluorescent dye used to model (A-C) OPG, (E-G) RANKL, and (I-K) PGE-2 taken at (A, E, I) 5 min, (B, F, J) 1 h, and (C, G, K) 3 h
after perfusion flow (1 ll/min) was initiated. Scale bars are 100 lm. Black axis ‘x’ in (A) demonstrates the position that the diffusive distance is measured from. (D, H, L) Plots
of measured fluorescent intensities at different time points showing the establishment of a signaling gradient during perfusion flow compared to an analytical solution of 1D
diffusion (black line).
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that are challenging for labs with minimal microfabrication expe-
rience. In this study, we have developed a gel free microfluidic
co-culture platform that utilises high resistance side channels to
isolate stimulatory fluid flow, while promoting the development
of signal gradients.

We have demonstrated that stimulatory flow (>0.5 Pa) could be
confined to one channel in this device through the use of particle
trace measurements (Fig. 2). This is supported by decreased levels
of RANKL expression from fOCY compared to nOCY (supplement
S6). In future, convective losses to the OCL and nOCY channels
could be further reduced by increasing the side channel resis-
tances. We also validated that signaling gradients could form dur-
ing perfusion flow using dyes that modeled the diffusivity of
signals that regulate osteoclastogenesis. The gradient of each signal
varied by less than 100 lm at different time points (Fig. 3), sug-
gesting the gradient is relatively stable. Finally, we investigated
osteoclast precursor responses to this gradient. It was observed
that osteoclast precursor density increased up the RANKL gradient
(Fig. 4I). This relative increase in cell density could be caused by
various confounding factors, such as increased proliferation,
decreased cell apoptosis, or cell migration. Previous work has

demonstrated that osteoclast precursor migration was promoted
by RANKL (Al-Dujaili et al., 2011). However, the effect of RANKL
on RAW264.7 cell proliferation and apoptosis has not been exten-
sively investigated. We also observed increased differentiation
towards the RANKL supplemented channel (Fig. 4J), where the
RANKL concentration would be the greatest. RANKL is known to
promote RAW264.7 cell differentiation (Xiong and O’Brien, 2012;
Zhao et al., 2002) and is concentration dependent (Al-Dujaili
et al., 2011). Furthermore, osteoclastogenesis rapidly decreased
greater than 600 lm away from the RANKL source, which aligns
well with our experimentally measured maximum RANKL diffusive
distance of 450 lm (Fig. 3H).

After validation, the device was utilized to study the response of
osteoclast precursors exposed simultaneously to fOCY and nOCY.
We observed increased precursor density (Fig. 5I) towards the
nOCY channel. We speculate that the observed increase is also
caused by a combination of increased proliferation, decreased
apoptosis, and migration. MLO-Y4 cells express macrophage-
colony stimulating factor (M-CSF) (Zhao et al., 2002), which pro-
motes osteoclast precursor proliferation (Biskobing et al., 1995)
and inhibits apoptosis (Woo et al., 2002). As well, RANKL is

Fig. 4. (A) Device schematic showing experimental setup, with RAW264.7 cells in the left channel, and the RANKL supplemental media in the right channel (not to scale). The
black rectangle represents the imaging region. (B-D) Images of negative control supplemental media experiment results after: (B) 1 day, (C) 4 days, and (D) 6 days. (E-G)
Images of RANKL supplemental media experiment results after: (E) 1 day, (F) 4 days, and (G) 6 days. (H) Magnified image of osteoclasts in RANKL supplemental media
experiment after 6 days. Scale bars are all 200 lm. The white axis ‘x’ in (B) designates distance from the supplemental media channel. (I) RANKL supplemental media cell
density data normalized to the control cell density data after 4 days (N = 3). (J) Normalized multinucleated cell count for RANKL supplemental media experiment after 6 days
(N = 3). All error bars are one standard deviation. *P < 0.05.
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expressed by fOCY and nOCY, although at a decreased level in the
former (You et al., 2008a), thereby promoting precursor migration.
Additionally, it was observed that osteoclastogenesis increased clo-
ser to nOCY (Fig. 5J). The major regulators of osteoclast differenti-
ation are RANKL and OPG, where RANKL binds to RANK to induce
osteoclastogenesis, while OPG acts as a decoy receptor to RANKL.
This ratio of RANKL to OPG is often used to quantify the potential
for osteoclastogenesis, and mechanical stimulation decreases the
RANKL/OPG ratio in MLO-Y4 osteocytes (You et al., 2008a). An
additional potential mechanism is through osteocyte apoptosis,
which is inhibited by mechanical stimulation (Bakker et al.,
2004; Tan et al., 2006). It has also been demonstrated in vitro that
apoptotic osteocytes promote osteoclast precursor migration and
differentiation (Al-Dujaili et al., 2011). Additionally, osteocytes
exposed to biochemical signals produced by apoptotic osteocytes
also promote osteoclast differentiation (Al-Dujaili et al., 2011). In
vivo studies have similarly shown that apoptotic osteocytes have
an increased expression of RANKL, and decreased expression of
OPG (Kennedy et al., 2012). This potentially suggests that osteo-
clast precursors are not only responding to immediate mechani-
cally regulated signals expressed by osteocytes, but also to
signals from apoptotic osteocytes. However, future studies are nec-
essary to support these proposed mechanisms.

Finally, we investigated the role of osteoclast signaling on
osteocyte mechanosensitivity. Osteocytes initially respond to

FSS by increasing cytosol calcium levels (Lu et al., 2012). To
observe this calcium response, MLO-Y4 cells were stained with
a Fura-2 AM calcium indicator dye. When Fura-2 binds to cal-
cium, its excitation wavelength shifts from 380 nm to 340 nm
(Kong and Lee, 1995). By measuring the 340 nm/380 nm ratio
in real-time, it is possible to identify a calcium response and
quantify osteocyte mechanosensitivity. Specifically, we observed
an increase in osteocyte mechanosensitivity when in culture
with osteoclasts compared to when cultured with other osteo-
cytes (Fig. 6E). One particular factor that is secreted by osteo-
clasts that can affect osteocyte mechanosensitivity is
sphingosine-1-phosphate (S1P) (Pederson et al., 2008). Inhibition
of sphingosine kinases in MLO-Y4 osteocytes has been shown to
decrease the percentage of responding cells undergoing oscilla-
tory fluid flow (OFF) in vitro (Zhang et al., 2015). That study also
demonstrated that the application of S1P increased PGE-2
expression, which would promote both osteoclast (Kaji et al.,
1996) and osteoblast formation (Yoshida et al., 2002), and
reduced the RANKL/OPG mRNA ratio in MLO-Y4 osteocytes,
thereby inhibiting osteoclast formation. Furthermore, increased
mechanosensitivity in primary osteocytes could down-regulate
sclerostin expression (Bonewald and Johnson, 2008), which
would promote osteoblast formation (Atkins et al., 2011). How-
ever, further studies will be needed to investigate osteoclastic
regulation of osteocyte mechanosensitivity and gene expression.

Fig. 5. (A) Device schematic demonstrating the experimental setup, with osteocytes undergoing stimulatory FSS in the fOCY channel, osteoclast precursors in the OCL
channel, and unstimulated osteocytes in the nOCY channel (not to scale). The black rectangle designates the imaging region. (B-D) Images of cells in the fOCY, OCL and nOCY
channel after 1 day. (E-G) Images of cells in the fOCY, OCL, and nOCY channels after 4 days. (H) Image of TRAP+ osteoclasts (red), with magnified image of an osteoclast to
demonstrate multiple nuclei. Scale bars are 200 lm each. White axis ‘x’ in (C) demonstrates distance from the fOCY channel. (I) Plot of RAW264.7 cell density across the width
of the central channel after 4 days (N = 5). Presented data is normalized to the original cell density and to the average cell density. (J) Quantification of multinucleated and
TRAP+ cells across the width of the central channel after 6 days (N = 4). Error bars are one standard deviation. *P < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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To relate our preliminary observations to what is occurring
physiologically, it has been suggested from computational model-
ing that the head of the basic multicellular unit (BMU) during bone
remodeling undergoes relieved levels of stress, while stress is
amplified along the walls of the BMU (van Oers et al., 2008). Our
results suggest that, during bone remodeling, unstimulated osteo-
cytes at the head of the BMU create an environment that is prefer-
ential for osteoclasts and osteoclast precursors, thereby guiding
bone resorption along the loading axis of bone. Once established,
osteoclasts signal to nearby osteocytes, increasing their
mechanosensitivity and switching their function to promoting
osteoblastogenesis. This would provide an indirect mechanism
through which osteoclasts can promote bone formation.

In conclusion, this platform allows for more physiologically rel-
evant mechanotransduction studies to be performed as it promotes
real-time signalling between different cell populations at physio-
logical length scales. However, further developments are necessary
to improve the throughput and simplicity of this platform, as only
two experiments could be performed simultaneously. The experi-
mental setup could also be simplified through the utilisation of
pipette loading instead of syringe pump loading, as well as through
the development of novel perfusion systems. Furthermore, future
studies should utilize OFF to improve the physiological relevance
of the flow applied (Lu et al., 2012; Price et al., 2011). Future work
using this platform will investigate how osteocytes regulate

various bone pathologies, such as osteoporosis and bone metasta-
sis, in addition to how osteoclasts regulate osteocytes. Addition-
ally, with modifications, this platform can be applied to other cell
studies that typically utilise PPFCs, such as smooth muscle cell reg-
ulation of endothelial cells to better understand the mechanisms
underlying atherosclerosis (Wallace and Truskey, 2010), or investi-
gating endothelial cell interactions with astrocytes as a model of
the blood brain barrier (Takeshita et al., 2014).
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