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Abstract

Osteocytes are the major mechanosensing cells during bone remodeling. Current bone
mechanotransduction research use macro-scale devices such as flow chambers; however in vitro
microfluidic devices provide an optimal tool to better understand this biological process with its
flexible design and high-throughput capabilities. Our recent work on co-culture platform has
demonstrated the feasibility of building more complex microfluidic devices for osteocyte
mechanotransduction studies. However, there still lacks a robust system where multi-
physiological flow conditions are applied to bone cells during intercellular communication. I aim
to improve the in vitro experimental platform for osteocyte mechanotransduction studies by 1)
designing a novel multi-shear stress co-culture microfluidic device to study osteocyte
intercellular communication; 2) testing the novel OCY454 osteocyte cell line to enable in vitro
studies of osteocyte-osteoblast cross-talk; and 3) investigate magnetically actuated beams as a
new method for in vitro fluid flow stimulation of osteocytes. I demonstrated that osteocytes
seeded in the novel microfluidic device respond to different levels of fluid shear stress in each
channel by varying amount of secreted RANKL. Furthermore, co-cultured osteoclast precursors

had suppressed differentiation when next to osteocytes stimulated with high fluid shear stress.
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This microfluidic device can provide a new platform for researchers to further understand how
mechanically stimulated osteocytes affect the bone remodelling process without complicated in
vivo models. I also validated the response of OCY454 osteocytes to fluid shear stress,
demonstrating changes in key indicators such as extracellular sclerostin level and intracellular
calcium response, as well as capability to drive effector cell differentiation. This new cell line
can help unlock further understanding of the role sclerostin plays in bone remodelling, and
potentially give rise to novel pharmaceutical targets that can be used for treatment of bone
diseases. Using novel magnetically actuated micro-beams, I experimented with a new method of
generating localized fluid shear stress on osteocytes. This novel magnetic actuator can help us
better understand how intercellular communication propagates within an osteocyte network when
stimulated with localized shear stress. With development of new in vitro technical approaches to
study osteocyte mechanotransduction, a better understanding of the bone remodeling process can

be obtained.
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Chapter 1

1 Introduction

Bone remodelling is an important process that is responsible for bone growth and recovery from
bone tissue injuries, thus understanding the mechanism underlying the process is crucial to
finding clinical solutions for bone disorders such as osteoporosis [1]. It is known that mechanical
loading is one of the key factors affecting bone remodeling [2]. Current research efforts in the
field have been focused on understanding the molecular signaling pathways between the
different major cell groups in bone remodelling, namely osteocytes, osteoblasts, and osteoclasts.
The central dogma of bone remodelling has been unmasked, where it is understood that
osteoblasts act as bone formation cells, osteoclasts act as bone resorption cells, and osteocytes
are the mechanosensory cells responsible for regulating osteoclast and osteoblast activity [3].
Although advances in molecular techniques have led a great deal of insight into the various key
signalling factors in play during bone remodelling, there still lacks development of in vitro tools
and platforms where bone remodelling can be studied in the proper environmental context. There
is a need to take a look at current existing in vitro devices and tools for studying bone cells, and
prospect for future directions in which these platforms can take to further advance understanding

of bone cell biology.

1.1 Background on Bone cells

As the bone resorption cells, multi-nucleated osteoclasts are derived from haematopoietic lineage
precursor cells and its differentiation is promoted by very key bone remodelling factors such as
macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B
ligand (RANKL) [4]. Osteoclasts function by forming a tight seal around a resorption area, and
degrade underlying bone matrix by increasing the acidity of the sealed region through releasing
hydrogen ions. A common way to identify properly differentiated osteoclasts is through staining
of tartrate resistant acid phosphatase (TRAP), a highly expressed and localized enzyme within
the osteoclast [5]. It has been shown that a mutation in the gene for encoding RANKL and its
receptor resulted in high bone mass, showing a disruption of the balance in the bone remodelling
process [6]. Although mainly acting as the bone forming cell, osteoblasts also excrete main

signalling factors that promote osteoclastogenesis, making it an important component in
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balancing the bone remodelling process. Derived from stromal mesenchymal stem cell, the
differentiation of osteoprogenitor cells into osteoblasts is regulated by the Wnt and Smad-
dependent bone morphogenetic protein (BMP) pathways [7]. It is known that parathyroid
hormones (PTH) increases osteoblast numbers and thus improve bone formation, thus clinically
established as a treatment of osteoporosis [8]. Once osteoblast has completed its function, it can
either become apoptotic, or become the osteocytes that are embedded in the bone matrix. It has
recently been discovered that osteocyte is the main mechanosensory cell in bone tissue, and its
ablation lead to malfunctioned bone remodelling process which can result in increased bone
fragility [9]. It is understood that osteocyte act as a regulator for osteoblast by secreting
inhibitors to osteoblastogenesis such as sclerostin [10], but furthermore it has been revealed that
apoptotic osteocytes also recruit osteoclast precursors through upregulation of RANKL, showing
that osteocyte is the key signalling cell group in the whole bone remodelling process controlling
both the bone-forming and bone-resorbing rates [11]. Understanding how osteocytes respond to
different loading conditions would be essential to the developments of therapeutic targets for
bone related diseases, while probing for the molecular signalling pathways between osteocytes
and other bone cells can help map a more complete picture of the bone remodelling process.
Previously published literature on osteocytes and their role during bone remodelling is heavily
based on well-established flow chamber platforms and transferring of conditioned media to
simulate intercellular communication [12—15]. Although these systems are useful for preliminary
studies to understand basic cellular behaviour, they lack the representation of real-time
intercellular signalling events that occur in vivo. Furthermore, conditional media based
experiments have a very fundamental problem in that they only represent a uni-directional
signalling event, whereas co-culture in vitro models would allow secretory factors from both cell
populations to affect each other, coalescing multiple signalling events into intercellular signalling
networks. This allows researchers to fully capture the relationship between different cell

populations that would not appear in conditioned media based studies.

Current in vivo studies of osteocyte has been focused on using transgenic reporter mice to study
the expression of important osteocyte factors, the most prominent one been the Sost gene and its
protein product sclerostin [16]. Mechanical unloading experiments done using mice models
showed that weightlessness induced osteocyte apoptosis, which lead to uncontrolled bone

resorption and loss of bone strength [17]. It has been shown in vivo that the protein sclerostin is
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an important protein in bone remodelling signalling pathways, and its expression levels are
reduced in osteocytes when stimulated by mechanical loading [18]. Similarly, osteocyte response
to mechanical unloading is based on antagonizing wnt/B-catenin signaling that is also mediated
by the protein sclerostin [19]. Furthermore, the correlation between sclerostin and the process of
bone remodelling has also been identified in vivo through mechanical loading experiments,
where sclerostin levels significantly decreased post loading through the B-catenin signaling
pathway [20]. In recent years, there have been a significant increase in the number of in vitro
osteocyte studies due to the availability of stable osteocyte-like cell lines such as MLO-Y4 [21]
and progenitor cell line MLO-AS [22]. These cell lines provided the necessary tool required to
probe for cellular response of osteocytes to mechanical stress, as well as molecular signalling
pathways in the whole bone remodelling process. The effect of prominent signalling factors such
as RANKL has been identified to be of crucial importance in bone homeostasis and control of
osteoblast and osteoclasts in vitro [23]. Even less known molecules such as the sphingosine-1-
phosphate has been found to be responsible for mechanical activation of osteocytes in studies
using MLO-Y4 cells [24]. As stated previously, sclerostin is a crucial marker of cell response to
mechanical loading, however the traditional MLO-Y4 cells do not express sclerostin as a soluble
factor [25]. This issue has been recently solved by the establishment of a novel osteocyte-like
cell line, the OCY 454 by Dr. Pajevic’s group, and using in vitro methods they have shown that
sclerostin expression of OCY 454 mimics those observed in vivo when mechanically stimulated
[26]. There is a need now to validate whether OCY 454 osteocytes can be a candidate cell model

for in vitro studies of osteocyte-osteoblast intercellular communication during bone remodelling.

Although many insights have been made into the bone remodelling process and the functions of
the three major cell groups, there is still a lack of fundamental understanding of how these cells
respond directly to different levels of mechanical stimuli. As it is known that mechanical loading
is the key stimulus factor affecting the bone remodelling process [27], there is motivation to
adapt various in vitro platforms and tools that can aid in discovering the role of mechanical
loading not just in the overall bone remodelling process, but its distinctive effect on the

communication between the different bone cells.

1.1.1 Osteocyte pericellular microenvironment
Osteocytes in vivo are situated in lacuna-canaliculi networks, where cell processes extend

through canaliculi to for cell-cell connections that allow for the propagation of signals,
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particularly from stimulation due to mechanical loading. It has been suggested that the
pericellular matrix surrounding the osteocyte plays an important role in how osteocytes sense
mechanical loading from the tissue level. Several different views and models have been establish

to explain how osteocytes can “read” the mechanical cues through various input mechanisms.

The immediate and most common cellular function when it comes to mechanical sensing is the
strain on its cytoskeleton. Although it has been shown that cellular strain caused by fluid shear
stress at 2, 8, and 16 dynes/cm? correlated with increases in intracellular calcium release [28],
finite element modelling and in vivo studies have provided evidence for significant strain
amplification at the lacuna level when using standard tissue level strain [29,30]. Cellular
responses are only observed in vitro when osteocytes experience strains near 10%, which
deviates significantly from physiological levels [31]. These studies show that simple
cytoskeleton compression might not be all there is to the mechano-sensing capabilities of

osteocytes.

Researchers have identified that the pericellular matrix of the osteocyte might contain the answer
to the strain amplification previously identified. Work done by You et al. proposed a model
where fluid drag force is sensed by coupling of pericellular matrix with the cell’s actin
cytoskeleton. This coupling allows for up to 100 fold amplification of the strain sensed by the
osteocyte [32]. This was later validated experimentally, where tethering elements was identified
in the pericellular space surrounding the osteocyte process, which could be adhesion proteins
attached to collagen fibre that is responsible for sensing the drag force within the fluid [33,34].
Recent studies have also observed remodelling at the pericellular level surrounding the
osteocyte, where both the extracellular matrix and the bone tissue are remodeled to better adapt

the osteocyte for strain-sensing purposes [35,36].

Osteocyte primary cilia has also been suggested to be a key component for mechano-sensing
functions [37]. It has been shown in vitro that the lengthening of the primary cilia through
fenoldopam and lithium showed a significant increase in osteopontin and cAMP expression [38].
Studies have also proven that intracellular calcium fluctuations exist in osteocyte primary cilium
and are modulated by TRPV4 [39], further strengthening the role of osteocyte primary cilia play

in mechano-sensing functions. Although ex vivo studies have quantified that only a low
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percentage of osteocytes contain a primary cilia [40], due to the nature of signal propagation
through osteocyte networks during mechanical loading [41], these limited osteocytes identified
with primary cilium can still play a pivotal role in the overall mechano-sensing function of the

cell.

1.2 In vitro Devices

1.2.1 Platform for in vitro Studies of Mechanobiology in other systems
Microfluidic application in understanding effect of fluid shear stress is not uncommon in
biomedical literature. Simple single channel devices have been used to understand cell adhesions
and angiogenic sprouting and other biological phenomenon at varying levels of fluid shear stress
[42—46]. These simple designs are difficult to scale up, especially when studying different levels
of shear stress simultaneously. Typical single channel designs would require an equal scale-up of
the fluidic pump equipment, which can be extreme costly. One way to mitigate this cost is to
implement a dual inlet design, where a gradient of shear stress level can be achieved across the
width of the channel [47]. However, these devices will also mix the signalling factors secreted by
underlying cells, and become impractical when implementing oscillatory fluid flow motion that
mimics in vivo flow patterns for bone tissue. Hence varying the geometric design of the
microfluidic device becomes a promising approach to create microfluidic platforms that can be

used to study different fluid shear stress levels all at once.

Previous study has designed a pressure driven microfluidic device where fluidic valves were
used to separate different cell culture chambers. By inputting varying forms of pressure gradient,
different levels of shear stress applied to the cells can be modulated. This platform was used to
study effect of different pressure and shear stress on the alignment of valvular endothelial cells
[48]. However, this device required a complex pressure gradient controller to operate, and does

not allow for decoupling of shear stress and fluid pressure for individual analysis.

Another type of unique design to achieve a gradient of shear stress levels is to adapt a circular
culture chamber. Although these types of circular design is ideal for creating large array of
varying shear stress levels, they are more suitable for single-cell cultures adjacent to the shear
stress channel [49]. When osteocytes are cultured in the circular gradient, fluid flow will displace

signalling factors from different osteocyte population and cause unwanted mixing that will
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increase the uncertainty of the co-cultured effect. For the desired intercellular signalling event
between osteocyte and other bone cells, osteocyte networks under different shear stress levels

must be cultured in separate chambers.

Perfusion ports formed by an array of pillar are an excellent way to separate different
microfluidic chambers without completely blocking fluid flow. With properly designed Young’s
modulus, they will be easy to fabricate for a standard PDMS-glass device. The perfusion port
feature has been used to design microfluidic devices that contain different levels of fluid shear
stress for endothelial cells [50], which provides promising proof that they can be adapted for
other biological systems. However, novel designs for osteocyte intercellular signalling will have
to take into consideration challenges with co-culturing different bone cells. Similarly, due to
unwanted mixing of signalling factors, specific osteocyte fluid shear stress regions must be

1solated from one another.

Due to the analogy of electric circuits to microfluidic circuits, varying levels of fluid shear stress
can also be achieved by designing arrays of parallel chambers with different hydraulic resistance.
Dash et al. demonstrated a simple design where each culturing chamber (with individual outlets)
has a unique shear stress level [51]. This would satisfy our need for separation of different
osteocyte chambers while achieving large variations in shear stress levels. Similar design was
also used to study the effect of different fluid shear stress levels on stem cell differentiation [52].
Detailed design protocols for these multi-shear devices are now available in the literature [53].
Future integration with co-culture features would make this an ideal platform for studying bone

remodelling when osteocytes are stimulated with varying levels of fluid shear stress.

1.2.2 Platform for Osteocyte in vitro Studies

Many research studies have studied bone cell mechanotransduction under different simulated
physiological conditions using macro-scale devices [54]. In vitro microfluidic devices provide an
optimal tool to further understand this biological process with its flexible design,
physiologically-relevant dimensions and cell-medium ratio, combined with high-throughput
capabilities. It has been already shown that osteocyte proliferation on PDMS substrate is almost
identical to glass slides, with the exception of protein expression levels which only stabilizes

after 72 h of culturing [55]. Demonstrating proper osteocyte proliferation on PDMS will allow in
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vitro study of the effect of substrate stiffness on osteocyte function and its signalling to other
bone cells. Furthermore, improved proliferation and conservation of phenotype for MLO-Y4
osteocytes have been observed in collagen coated microfluidic channels, laying foundational
proof that similar microfluidic platforms are ideal in vitro systems to study osteocyte cellular
response to mechanical loading [56]. Initial application of micro-scale cultures of osteocytes
involved studying the effect of cell spreading using micro-contact printed islands [57,58]. These
experiments looked at the how cell cultured on islands or networks using defined patterns can be
more sensitive to fluid flow than monolayers of osteocytes. Both results showed significant
increase of intracellular calcium response, and these results will allow insight into the patterned
layout of in vivo osteocytes that exist in a network of lacuna in the bone matrix, and perhaps
provide in vitro solutions to create a more realistic culture environment to further study osteocyte
biology. Although the novelty of using micro-contact printing to study these types of cell
patterns is low, in the context of osteocyte networks it provided an ideal tool for building the

next step culture platform.

Currently, in vitro platforms have found that oscillatory fluid flow (OFF) conditions significantly
change osteocyte behaviour, and promotes better bone formation in vitro [59]. However, these
experiments relied on the well-studied flow chambers, where large cover glass slides were used
as the cell seeding platform. Although stimulated with physiological levels in terms of shear
stress magnitude and frequency, monolayer cultures of osteocyte at centimeter scale are still very
different from physiological conditions, where osteocytes grow in 3D layers of osteons and
experience shear stress from fluid pockets. In an attempt to mimic in vivo lacuna-canaliculi, a
large micro-array of chambers connected to micro-channels were designed according to
dimensions similar to that of micro-canals in the bone matrix [60]. Osteocytes are seeded in
individual chambers before sealing the device and studying the effect of fluid flow on cell
processes, which extended into the micro-channels to be exposed to fluid flow. Although it is the
first time single-cell study on osteocytes was done in a microfluidic device, there is still much to
improve upon its design. The design did not take into consideration the difficulty in seeding
individual cells, and unfortunately did not use microfluidic flow to assist in cell isolation.
Furthermore, the device was designed to be sealed after cell seeding, which greatly limited the
amount of pressure the device can handle without proper bonding between the glass and the

PDMS. Another design attempting at recreating 3D osteocyte environment in vitro using packed
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biphasic calcium phosphate beads as a basic structural layout where cultured osteocytes are
seeded within the gaps [61]. Although this approach achieve a 3D culture environment for the
osteocytes, there was no way to quantify or modulate the fluid shear stress experienced by the
osteocyte network. Due to randomness of the bead packing, cultured osteocytes will experience a
wide range of shear stress. To better mimic the in vivo osteocyte network under mechanical
stimulation, novel experimental tools must be explored in an attempt to generate controlled and
localized fluid shear stress pockets where intercellular signalling propagation between osteocytes

within the same network can be studied.

The current forefront of microfluidic platforms for osteocytes focused on co-culturing of
osteocytes and osteoclasts to look at the molecular interactions between them under various flow
conditions [62]. The design utilized small micro-channels as communication ports between
osteocytes and osteoclasts cultured in different flow channels. Signalling molecular cues from
osteocytes under physiological flow can then be detected by parallel osteoclasts to elicit a
cellular response. It is the first of its kind in terms of a co-culture system between two bone cells,
and the simplicity of design provided opportunity to expand such a platform to tri-cell culture in
order to simultaneously study molecular signalling between all three bone cell groups. High-
throughput capabilities as well as multi-shear stress features can also be add to generate arrays of
co-culture micro-systems where more applications such as on chip drug screening and cell

differentiation assay can be done.

1.2.3 Platform for Osteoblast in vitro Studies

Since the discovery of osteocyte as the main mechanosensory cell, there is a general lack of
development for in vitro platforms that create more physiological environments to study the
other bone cells. In terms of osteoblast research, there have been very few advancements in its
understanding in vitro using newly developed platforms. Again using intracellular calcium
fluctuation as the standard for measuring cell response to shear stress, a simple microfluidic flow
channel was developed to study osteoblasts [63]. As expected, higher magnitude of calcium
“flickering” was observed under OFF compared to steady and pulsatile flow. The structural
design of the micro-channels are very simple, showing that adaptation of these micro-scale
platforms for studying osteoblast is still at a very early stage. Application of microfluidic design

parameters created a multi-shear stress micro-platform for studying an array of different
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mechanical load simultaneously, and calcium responses from osteoblast shows that they are very
sensitive to different magnitudes of shear stress [64]. It is very surprising that this type of large
array platforms for high-throughput studies of cell response was developed for osteoblast, but
has not yet been developed for osteocytes. From these studies it can be seen that there is a gap
between osteocyte research and micro-scale platforms that can be fulfilled by simply adapting
existing platforms for other cell types to osteocytes. However, there is still a need to create the
physiological osteocyte networks similar to the previously developed patterns through micro-

contact printing.

Due to the vital role of mechanical loading on bone remodelling, bone cell survival, and their
functions, the main focus of in vitro platform development for bone cells has been on mechanical
stimuli related tools. There is also other tools on micro-platforms developed for osteoblasts that
can be used for other bone cell applications. Gradient generators in microfluidic devices is very
common, and it provides a very useful tool to study cell response to chemical cues and
chemotaxis. By incorporating a gradient generator into a co-culture device, an upstream cell
group, in this case macrophages, can be stimulated to produce physiologically relevant cues that
can then be applied to downstream osteoblasts [65]. The physical separation of the cells prevent
any cell-cell contact, isolating soluble factors and their signalling effects. As one can imagine, a
hierarchy of multi-layer of cells can be established, where stimulation of upstream osteocytes
will produce soluble factors that control second layer osteoblasts function, which in turn will
secret factors such as RANKL and M-CSF to influence the third layer osteoblasts, creating a
complete signalling gradient of the whole bone remodelling process. Such a platform will bring
researchers one step closer to understanding physiological responses in vitro. Another interesting
application of micro-scale devices on osteoblasts is using dielectrophoresis to isolate cells into
individual micro-chambers. This combined with previously mentioned osteocyte isolation
chamber can produce a more robust single-cell culture system that can closely reciprocate

osteocyte responses when they are properly aligned in networks [66].

1.2.4 Platform for Osteoclast in vitro Studies

When it comes to study of bone cells on in vitro platforms, osteoclasts are the least studied cells
in this context. Most research has been focused on dissecting the differentiation pathway leading

to this multi-nucleated cell, and there is definitely a need to understand how functions of
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osteoclasts can be affected by different micro-environmental factors. Very recent research has
started to look at osteoclast bone resorption rate in a microfluidic environment. Microfluidic
channel coated with adhesion molecules and an artificial bone matrix was used to confirm
whether osteoclasts can perform normal resorption functions in such micro-environments. Other
in vitro osteoclast experiments include generating large osteoclast cultures from bone marrow
cells [67], or studying the effect of vibration frequency on osteoclast bone resorption [68].
However, there is a significant need to push for micro-scale tools to be developed to study
osteoclast functions in a more physiological setting compared to the standard large monolayer
cultures. Again, previously introduced platforms for both osteoclast and osteocyte can be adapted

to osteoclasts, as the micro-environment for all three bone cells is very similar in vivo.

1.3 Thesis Objectives

There are very limited applications of microfluidic platforms for bone cell studies. Due to the
importance of mechanobiology to bone remodelling, it is very important to establish and improve
methodologies that can assist in the in vitro experimentation of bone cells. I want to develop a
new generation of microfluidic devices that can be used for specifically osteocyte
mechanotransduction studies, and help us better understand the bone remodelling process. To do

this, I have three main aims:

1) Design and valid a multi-shear stress co-culture microfluidic device for osteocyte

mechanotransduction studies.

2) Evaluate whether OCY 454 osteocyte cell model is a good candidate in bone remodelling

studies.

3) Adapt magnetically actuated micro-beams to be used as a tool for localized fluid

stimulation of osteocyte networks.

This thesis document describes approaches and experimental results that I have achieved towards
each of these three objectives. Chapter 2 will focus on the multi-shear stress microfluidic device,
while Chapter 3 will talk about validation of the novel OCY 454 osteocyte cell line. Meanwhile,
Chapter 4 will be focused on using novel magnetically actuated beams as a tool to generate

localized fluid shear stress on osteocyte cultures. Contents from Chapter 3 had been published in
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the Journal of Orthopaedic Research [69] and work in Chapter 4 had been published in the PLOS
One journal [70]. All research and results in Chapter 2 had been submitted for publication in

Integrative Biology and is currently under review.
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Chapter 2

2 Multi-shear Co-culture Microfluidic Platform for
Osteocyte Mechanotransduction Studies

2.1 Introduction and Background

Current research on osteocyte’s role in bone remodelling has been utilizing both in vivo animal
models [71,72] as well as in vitro flow chamber models [73]. Animal models provide a
comprehensive tool for studying overall tissue and whole organ system response to mechanical
loading, while allowing for accurate compression loading of limbs that mimic exercise
conditions [18,74]. However, it is difficult to study signalling pathways in vivo, as isolating the
effect of each factor proves to be difficult and prone to high variance between samples.
Furthermore, it is challenging to translate animal models to human tissue behaviour, and often
extensive validation experiments are needed. On the other hand, in vitro models provide a more
simplistic tool to evaluate single-cell population response to specific levels of mechanical
loading in the form of fluid shear stress. Studies using the traditional in vitro flow chamber
devices have observed the role of RANKL/OPG in osteocyte regulation of osteoclast [75,76], as
well as osteocyte regulation of breast cancer metastasis [77,78]. Although lacking the
comprehensive tissue level response from in vivo models, in vitro platforms often excel at
pinpointing specific functions of signalling factors and how they coordinate with each other to
produce the overall response from a population of cells. Troubles arise when using these macro-
scale flow chambers, which require extensive pumping equipment that are difficult to scale up.
Most importantly, flow chambers lack physiologically-relevant microenvironment typically
experienced by cells in vivo, and with its reliance on conditioned media it is not possible for real-
time signalling between different cell populations. Hence development of innovative in vitro

platforms is needed to provide more efficient tools for studying osteocyte mechanobiology.

The rise of microfluidic devices in modelling biological systems has provided novel
experimental tools for studying various cell-cell interactions such as mesenchymal stromal cells
(MSCs)-endothelial communication during vasculature formation [79,80], or endothelial-
epithelial interaction in a lung-on-a-chip [81,82]. In relation to osteocytes, microfluidic devices
can be used to simulate different physiological loading conditions (e.g., shear stress, strain,

pressure, etc.), accurately controlling their levels and observing specific responses via secretome
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of osteocytes. They are also ideal for primary cell studies, allowing large numbers of
experimental samples with limited number of cells. With flexible designs for high-throughput
capabilities, microfluidic devices are optimal tools for testing potential signalling factors and
provide additional drug screening capabilities before clinical experiments are needed. Our recent
work on osteocyte-osteoclast co-culture platform has demonstrated the feasibility of building
more complex microfluidic devices for bone cell mechanotransduction studies, while
maintaining its biological relevance [83]. However, there lacks a robust system where multi-
physiological flow conditions are applied to osteocytes to study their intercellular
communication, where different levels of fluid shear stress is tested on the same device. In
particular, we hope to design for physiological fluid shear stress range between 0.1 -2 Pa [84].
Here we describe a multi-shear co-culture microfluidic device that can be used to study
mechanically stimulated osteocyte and their interaction with other bone cells. We validated in
our device the changing levels of osteocyte response to different levels of fluid shear stress, and
confirmed a corresponding change in downstream cell response via osteoclast formation.
Moreover, we demonstrated the capability for the microfluidic device to be used for studying
drug effect on osteoclast interaction with mechanically stimulated osteocytes. This platform can
be developed further into a large array of smaller devices to achieve a gradient of physiological
loading conditions for high-throughput experiments on osteocyte mechanotransduction studies,

as well as a drug screening tool.

2.2 Methods

2.2.1 Design and fabrication of co-culture platform

The microfluidic device is designed based on standard fluidic principles that utilize changing
dimensions to create different flow rates in chambers connected in a parallel circuit (sharing the
same inlet). Average wall shear stresses (z4) in each osteocyte chamber are calculated using
parallel-plate assumptions based on the following equation:

_ 6Uu

= (D

where Uy is the average flow velocity, u is the dynamic viscosity, and /4 is the height of the
chamber. By changing the length of channels leading up to each chamber, we can proportionally

vary the average velocity without effecting the flow profile experienced by the cells (which is
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dependent on chamber width and height). The experimental design is consisted of 3 parallel
osteocyte chambers each paired with an adjacent osteoclast chamber (Figure 2.1A). The

relationship between shear stress in each parallel channel is governed by the following equation:

AP =Q X RHydraulic ()

Where AP is the pressure drop, Q is the flow rate, and Ruydraulic 1S the hydraulic resistance of each
channel. Since all channels share a common inlet and opens to atmospheric pressure on all
outlets, AP is equal for all channels and any variation in Ruydrauic would modify the flow rate,
which is directly correlated to wall shear stress from equation (1). Ruydraulic for a rectangular
cross-section channel is governed by the following equation:

B 12ul

RHydraulic -
whi(1— 0.33}1)

Diffusion channels between the two chambers allow for bidirectional transport of signaling
molecules between the two cell populations. A sample device is shown in Figure 2.1C to

demonstrate physical size and layout.

Fabrication of the microfluidic devices is based on standard soft lithography techniques [85].
Briefly, a photomask containing the pattern for the device is generated using a laser-etched
chromium-lined glass plate. The photomask is then used to transfer the design onto a SU-8 2050
coated silicon wafer using UV exposure. The silicon wafer containing the imprinted design is
then used as a negative mold for repeated device fabrication. Polydimethylsiloxane (PDMS) at a
10:1 base to curing agent ratio is mixed and poured onto the negative mold before curing at 60°C
for 24 hrs. The cured PDMS is cut from the negative mold, and inlets and outlets were cut using
3 mm diameter biopsy punches before bonded to glass slides after plasma treatment of the
bonding surfaces to form the final microfluidic device. Fabricated microfluidic device is

sterilized using 70% ethanol and UV light before cell seeding.

2.2.2 Cell culture and seeding in co-culture platform

All cells and devices are incubated in 37°C and 5% CO: conditions both during incubation
period. MLO-Y4 osteocytes are cultured in Alpha Minimum Essential Medium (¢MEM)

containing 2.5% calf serum (CS), 2.5% fetal bovine serum (FBS), and 1% Penicillin-
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Streptomycin (PS). RAW264.7 pre-osteoclasts are cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% FBS, 2% Glutamine, and 1% PS. MLO-Y4 cells are
trypsinized at 80% confluence before seeded into the microfluidic device at 250k/mL density.
Osteocyte chambers in all devices are coated with 0.15 mg/ml type I collagen for 1 hr before cell
seeding. Air-liquid barriers formed along the posts between the two chambers prevent osteocytes
from escaping to the osteoclast chamber. Osteocytes are cultured for 24 hrs in the device before
RAW264.7 cells are added to adjacent chambers. RAW264.7 cells are supplement with 10
ng/mL of recombinant RANKL protein to assist with differentiation. Inlets and outlets of
osteocyte chamber are temporarily sealed to prevent pre-osteoclasts from crossing over to the
osteocyte chamber. Flow experiments are conducted using a custom-made fluidic pump.
Oscillatory fluid flow (OFF) at 1 Hz is applied to the osteocyte chambers for 2 hrs per flow
session. Microfluidic device is maintained at 37°C and 5% CO- condition during OFF

stimulation.

2.2.3 Calcium response quantification

MLO-Y4 osteocytes are seeded inside osteocyte chambers at 250k/mL and grown to 80%
confluence before imaging. Osteocytes are stained with Fura-2 AM (Ex: 340 nm/380 nm, Em:
510 nm) live calcium indicator 1 hr before experiment. Devices are maintained on a heated
imaging stage, where baseline intracellular calcium fluctuations are measured for 1 min before
applying OFF stimulation. Intracellular calcium signals captured during 6 min of flow
stimulation are compared to baseline values, and only signals 2-fold or higher are registered as
positive calcium response. Response rates are calculated based on number of positive response
over total number of cells observed. Average response magnitude is calculated from all

positively responding osteocytes.

2.2.4 ELISA quantification of RANKL expression

At 80% confluence, MLO-Y4 cells cultured in the osteocyte chamber are stimulated with OFF
for 2 hr and incubated within the device for 24 hrs. Conditioned media (CM) from the osteocyte
chambers are extracted and used for standard ELISA quantification of RANKL. Briefly, CM
from experiment was added to capture antibody coated 96-well plate, and visualized using
secondary antibody bonded to streptavidin-Horseradish peroxidase. Results are read by

SpectraMax i3 plate reader at 450 nm.
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2.2.5 Osteoclast-osteocyte co-culture experiment

MLO-Y4 cells and RAW264.7 cells are seeded into respective chambers before beginning the 7
day co-culture period. OFF (1 Hz, 2 hrs) is applied to the osteocyte chamber every other day
beginning from day 1. Growth media in both osteocyte and osteoclast chambers are changed
once every 24 hrs. For zoledronic acid (ZA) experiments, appropriate concentration of ZA is
added to fresh osteoclast growth media before daily media changes. At the end of day 7, cells in
microfluidic devices are fixed and stained for tartrate resistant acid phosphatase (TRAP) to
visualize osteoclast formation. TRAP positive cells are counted from 6 random positions within
each osteoclast chamber and added together for quantification. Images were taken at 6 random
locations within the osteoclast chamber; no image processing was conducted before manual
counting of TRAP positive osteoclasts. A TRAP positive cell is selected when it has both a pink
hue and 3 or more nucleus. Experiments were terminated after day 7, as osteocyte confluency
levels reached above 100% and some cells were starting to migrate to the adjacent co-culture
chamber. Since we were interested in studying intercellular signalling via soluble factors, direct

cell-cell connection was not desired.

2.2.6 Particle flow velocimetry

Microfluidic devices were linked up to the custom in-house oscillatory fluid flow pump and
filled with floating cell bodies. After turning on the pump, videos at 30 fps for 30 secs were
taken at each channel to capture the flow cell bodies. Random streak lines across each channel at

the peak of the oscillatory flow were used to calculate the average peak velocity.

2.2.7 Statistics

A minimum of three individual experiments were run with a minimum of 2 samples per
experimental group. Each microfluidic device consist of 3 samples, one for each fluid shear
stress value at 0.5 Pa, 1 Pa, and 2 Pa. Flow devices have undergone respective OFF stimulation,
while no flow groups are consisted of cells seeded within the microfluidic device without OFF
stimulation during the entire duration of the experiment. Student’s t-test (2-tail, non-paired for

calcium response; 2-tail, paired for all other results) was used to test significance between flow
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and no flow groups (a = 0.05) using mean values from each experimental trials. The n value

represents the total number of device samples from all experiments.

2.3 Experimental Results

2.3.1 Flow rate validation

To validate the experimental flow velocities inside the microfluidic devices, we conducted
particle flow velocimetry. We were able to confirm that the average experimental flow velocity
is consistent with those intended for the design (Figure 2.1B). Flow velocities are significantly
different between each of the osteocyte chambers, ensuring that different osteocyte populations
are experiencing drastically different fluid flow shear stresses. The results also confirmed there is
no leakage in the setup, which would result in a loss of flow velocity and require manual
adjustment to the inlet flow rates of the OFF pump in order to achieve the desired flow velocities

within the microfluidic device.
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Figure 2.1: Basic co-culture microfluidic design. A) Schematic showing the layout of
the device, consisting of 3 pairs of osteocyte-osteoclast chambers. Each pair of
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chamber was connected by 20 ym wide and 300 uym long diffusion channels. All three
pairs of chambers shared a common inlet, utilizing a single flow input source for the

entire device. Scale bar = 4 mm. B) Flow validation results showing that experimental
flow velocities were close to theoretical values designed for the devices. These flow

velocities were based on a set pump flow rate and correlated directly with the intended

shear stresses. C) Picture showing device post fabrication. The green dye highlighted

the osteocyte chambers and their inlet/outlet, while the red dye showed the individual

osteoclast chambers.
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Figure 2.2: Calcium response results from MLO-Y4 osteocytes seeded in the co-
culture device. A) Calcium response rate of osteocytes seeded in the co-culture
device. Response rate is based on number of positive response compared to total
number of cells imaged. Response rates increased as shear stress increased.
Response rate in 2 Pa osteocyte chamber were similar to response rate observed from
traditional flow chamber devices. B) Average response magnitude also increased with
higher shear stress level, where magnitudes observed in the 2 Pa osteocyte chamber
are again similar to values obtained from traditional flow chambers. C) Representative
calcium response curves from the 2 Pa channel in the microfluidic device vs. standard 2
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Pa flow chamber, showing consistency in the spatiotemporal response pattern between
the two platforms.

We observed a significant difference in calcium response patterns between the three osteocyte
chambers. As can be seen in Figure 2.2A, there is strong correlation between the calcium
response rates and the shear stress levels experienced by osteocytes. Furthermore, we saw a
similar pattern in Figure 2.2B where average magnitude of the calcium responses significantly
increased with shear stress levels. There was however no positive calcium response registered in
the 0.5 Pa osteocyte chamber throughout our experiments. These results not only confirms that
osteocytes seeded in the co-culture device can modulate their response according to the shear
stress they sense, but also demonstrated the versatile capability for our microfluidic device to be
used as a live imaging platform for osteocyte mechanotransduction studies. Observed
spatiotemporal patterns of calcium response curves from the microfluidic devices are very

similar to those commonly seen in macroscale flow chambers (Figure 2.2C).

2.3.3 RANKL released from osteocytes

We measured extracellular secretion of RANKL protein from OFF stimulated osteocytes in our
devices. From our experiments, we validated that even with a small volume reservoir in our
osteocyte chambers, we could still observe a significant difference in RANKL expression
between cells cultured in chambers with varying fluid shear stress. From our results, we saw a
decrease in extracellular RANKL levels in chambers with higher fluid shear stress (Figure 2.3).
This agrees with previously reported observations in literature [86]. Higher than expected
variations in raw expression level was observed between different trials. I hypothesize that this is
due to the limited volume of media we can withdraw from each channel. Standard commercial
ELISA kits require 100 pL per sample and need 2-3 replicates, while total volume per channel is
only 100 pL. Thus a 3-fold dilution is introduced which greatly increases the noise and variation
in the data. Results are hence normalized using the 0.5 Pa chamber as the baseline expression
level. No significant differences were observed between chambers in the no-flow devices,
showing experimental conditions and micro-environment within the device did not alter the

RANKL expression levels of osteocytes.
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Figure 2.3: Quantification of soluble RANKL collected from osteocytes channel.
After normalizing to quantities observed in each device’s 0.5 Pa osteocyte chamber,
there was a decrease in the level of extracellular RANKL detected when increasing the
shear stress level sensed by osteocytes. No differences were seen in the no-flow
devices between all three osteocyte chambers.

2.3.4 Osteoclast differentiation in co-culture

Within our co-culture experiments, we quantified osteoclast formation from RAW?264.7 cells
using Tartrate-resistant acid phosphatase (TRAP) staining as a positive marker for
differentiation. In our devices, we observed a significant decrease in number of TRAP positive
cells in osteoclast chambers adjacent to osteocytes stimulated with higher levels of fluid shear
stress (Figure 2.4). This agrees with our previous results demonstrating a decrease in RANKL
expression levels from osteocytes would result in lower numbers of differentiated osteoclasts
[83]. We saw a significant difference in TRAP positive cells between the 0.5 Pa chamber and the
other two chambers. However, only a decreasing trend was observed between the 1 Pa and 2 Pa
chambers without statistical significance. From our results it seems rate of decrease is in a
logarithmic relation with the level of fluid shear stress, and 1 Pa OFF could be a threshold level

for the effect of mechanical stimulation on osteoclast differentiation in a co-culture environment.
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Figure 2.4: Quantification of osteoclast differentiation when co-cultured with
osteocytes. After 7 day incubation in the co-culture device with bi-daily OFF stimulation
of osteocytes, a significant decrease in osteoclast formation was seen when co-cultured

adjacent to osteocytes in the 2 Pa chamber. A decreasing trend was also observed

beside the 1 Pa chamber, but not statistically significant. No differences in osteoclast
differentiation were observed in devices without mechanical stimulation of osteocytes.

Sample images showing representative images of TRAP stained osteoclast in 2 Pa
channel; on the left is an image from no-flow control, and on the right is an image from a

flow device. Osteoclast is counted positive when there is 3 or more visible nucleus

along with a pink hue. Scale bar represent 100 um.
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2.3.5 Effect of zoledronic acid on osteoclast differentiation in co-culture

>

No Flow Flow
. 35 . 35 *
2 * * by *
€30 € 30
2 2
O 25 O 25 *
9] ]
S 20 & 20
§ 15 B O uM ? 15 : ®O0uM
o 220 uM — 220 uM
= 10 M < 10 | W
i = o )
S 5 5 5 i ' .
2o 2 o n .
5 0.5 Pa 1Pa 2 Pa 3 0.5 Pa 1Pa 2 Pa

Channel Channel

*P<0.05,N=6 *P<0.05,N=6

Figure 2.5: Osteoclast differentiation under the treatment of ZA. A) The effect of ZA
on osteoclast differentiation was tested in the co-culture device. Under no OFF
stimulation, a significant decrease in osteoclast formation was seen when treated with
20 uM ZA compared to control devices. B) A similar effect was seen in fluid flow
stimulated devices, where a significant decrease was seen in devices treated with 20
MM ZA compared to devices with only fluid flow stimulation. A compounding effect is
observed between OFF stimulation and ZA, where both the mechanical loading of the
osteocytes and the ZA treatment of cells in the device worked together, resulting in the
lowest amount of osteoclast formation observed.

After establishing our co-culture microfluidic device and validating observable differences in
osteoclast differentiation when co-cultured with osteocytes stimulated under different levels of
fluid shear stress, we moved on to demonstrate potential application of our device. One of the
key advantages of our microfluidic device is real-time signalling between osteoclast and fluid
stimulated osteocytes. Thus, it is an ideal platform to study how drugs can affect osteoclast
differentiation when combined with mechanically stimulated osteocytes. We chose to study how
ZA, an established bisphosphonate, can change osteoclast differentiation within our device. From
our seven day co-culture experiments, we observed a significant decrease in osteoclast
differentiation in all chambers of the no-flow devices when supplemented with 20 uM of ZA
(Figure 2.5A), demonstrating the substantial effect ZA has on osteoclast differentiation in a co-
culture environment. After applying OFF stimulation to osteocytes in adjacent microfluidic

channel, we observed a compounding effect between mechanical loading and ZA, where further
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decrease in osteoclast differentiation was observed when ZA-supplemented osteoclasts were co-
cultured with osteocytes stimulated with 1 Pa and 2 Pa fluid shear stress (Figure 2.5B). These
results demonstrated that our microfluidic device is capable of not only studying the effect of
mechanical loading only on osteocyte-osteoclast signalling, but also allow studying of
synergistic effect of mechanical loading and drug effect on osteoclasts within this co-culture

environment.

2.4 Discussion

Through our experimental results, we have demonstrated the versatile analytical methods that
can be used in our co-culture microfluidic device when studying osteocyte mechanotransduction
and intercellular signaling during the bone remodeling process. Due to simple design principles
and established fundamental fluid flow phenomenon, our co-culture device can be easily scaled
up to larger array systems, considerably increasing the throughput of experiments. To the best of
our knowledge, this is the first device that capable of integrating multi-shear stress level and co-

culture micro environment in studying bone remodeling.

We have shown that standard analytics techniques used to study osteocytes-osteoclast interaction
such as calcium response, extracellular RANKL expression, and TRAP staining can be easily
adopted to the microfluidic device. Furthermore, the device steps away from traditional time-
sensitive conditioned media experiments, and moves to a real-time intercellular signaling model,
a much closer representation of the in vivo conditions. This is shown through our osteoclast
differentiation results, where bi-daily fluid flow stimulation of osteocytes still produced a
significant difference in osteoclast formation compared to the previous daily dosage of
mechanical stimulation commonly used in large flow chambers. Our microfluidic devices also
require significantly less media volume and cell count, making it ideal for studying large-scale
drug screening as well as primary cell interactions. Although our device attempts to mimic the in
vivo microenvironment by setting an appropriate communication channel length, due to the
limitation of fabrication techniques, we are unable to design channel width closer to the lacuna-
canaliculi network found in vivo. With 2D cultures and millimeter scale flow chambers, our
device is still far from the submicron-level microstructure in the bone tissue where osteocytes
reside. With future development in fabrication technology, this limitation can be eventually

overcome.
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We have demonstrated here that our co-culture device can be used to study other factors in
combination with the impact of fluid flow stimulation on osteocyte-osteoclast interaction. Our
results have shown that in a co-culture environment, ZA still decreases the differentiation of
osteoclasts. Furthermore, this effect can be combined with the reduction in osteoclast formation
caused by mechanically stimulated osteocytes. This agrees largely with what is previous reported
in literature, where ZA inhibits osteoclast formation and activity in vitro [87-89]. However, there
has been a study where osteocyte-mediated enhancement of osteoclast formation was observed in
vitro using conditioned media experiments [90]. Although we added the ZA supplement to our
osteoclast differentiation media, due to the diffusion channels between the two cell populations,
osteocytes should also experience the effect of the drug. However, we do not see any signs of
enhanced osteoclast formation within the device. This could be due to the synergistic drug effect
on both the osteoclast and osteocytes. Further investigations are needed to confirm whether ZA

is having any effect on osteocyte-mediated increase in osteoclast formation in our co-culture

devices.

In our quantification of extracellular RANKL expression from osteocytes cultured in our
devices, we saw a large trial-to-trial variation in the collected soluble RANKL protein levels. We
believe this is due to the limited size of our osteocyte chamber, as the media volume extracted
per sample is only enough for the minimum volume requirement of commercialized ELISA Kkits.
This is a common issue among similar types of microfluidic devices, making it even more
difficult to measure protein concentrations via ELISA with more scaled down systems. However,
many researchers are now working on on-chip protein detection methods based on
electrochemistry principles [91,92]. We hope to adapt these novel detection methods in the
future to allow for more accurate and persistent measurement of protein concentrations. These
new detection techniques will also allow for real-time tracking of expression factors, enabling
our device to map variations in signaling molecules during and after mechanical stimulation of
osteocytes. This will create a powerful tool that provides important insight into the bone
remodeling process and enable better understanding of the type of synergies that exist in the bi-

directional interaction of osteocytes and osteoclasts.

Another limitation of our current device in modelling the bone remodeling process is the lack of
osteoblasts in our system. As shown in literature, communication between osteocyte and

osteoblast is another crucial process during bone remodeling [93]. These interactions are difficult
24



to model in vitro due to the limitation of the existing MLO-Y4 cell line, as ongoing work is
attempting to establish appropriate osteocyte cell lines suitable for studying osteocyte-osteoblast
signaling [26,69]. Future experiments using our microfluidic device can mitigate this issue by
using primary osteocytes, but current design still lack the capability for a tri-culture system
where communications across osteocytes, osteoclasts, and osteoblasts can be modelled. Newer
iterations of the design can include adaptation of a second layer to the device, allowing for
culture of osteoblasts while maintaining proper diffusion channels in between all three cell types.
These new devices will provide even more physiological-relevant micro-environment to study
bone remodeling in vitro. It will also provide more comprehensive understanding to effects of
drugs such as ZA, and how administering such chemical reagents can affect the interplay of all
three bone cells during remodeling. Furthermore, various disease models can be adapted within
our microfluidic devices in order to study changes in cell-cell communication during these

defects in bone remodeling, and identify potential clinical targets that can be used as treatments.

2.5 Conclusion

Here we have shown the design of a novel co-culture microfluidic platform that can study the
effect of various levels of fluid stimulation of osteocytes within the same device. We validated
that osteocytes adapt their behavior to different levels of fluid shear stress, and downstream
osteoclast differentiation is directly affected by the level of mechanical stimuli sensed by co-
cultured osteocytes. Our microfluidic device has the capability to perform drug studies on bone
remodeling, and delivers a potential platform for large scale drug screening experiments. We
hope to further develop our platform to enable in vitro studies of a tri-culture system for bone
remodeling, empowering researchers to gain a better understanding of this phenomenon and find
novel clinical solutions to bone diseases. This device also has the potential to allow co-culture
studies of other cellular systems that experiences significant mechanical loading like

cardiovascular system.
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Chapter 3

3  Validating OCY454 Cell Model for Osteocyte
Mechanotransduction Studies

3.1 Introduction and Background

Current in vitro experimentations on osteocyte regulation of bone remodelling rely on the MLO-
Y4 osteocyte-like cell-line, established by Dr. Bonewald in 1997 [94]. Isolated from mouse long
bones, these osteocytes were selected based on their dendritic phenotype. The MLO-Y4 cells
have been shown to be sensitive to mechanical loading, and respond by changing the secretion
level of many key soluble factors [21][95]. Among all the mechanical stimuli that osteocytes are
exposed to in vivo, loading-induced fluid flow is well-accepted as an important stimulus that
osteocytes sense, [96]and is therefore used in many in vitro studies [97][98]. Using the MLO-Y4
cells, researchers have extensively studied the mechano-regulation of osteoclast via osteocytes
[99][100], establishing a solid foundation for understanding the cross-talk between osteocytes
and osteoclasts under mechanical loading. Furthermore, MLO-Y4 cells have been used in many
studies of osteocyte intracellular calcium response, setting it as a major marker for measuring the
mechano-sensitivity of osteocytes [101][102][103]. Other research focusing on osteocyte
markers also benefited from the establishment of a stable osteocyte cell line; mechanical
regulation of Wnt signalling [103] in osteocytes, as well as roles of PGE2 [104][105], are widely
explored. Recently, there is even a novel study of extracellular vesicles released by osteocytes
using MLO-Y4 cells [106]. These in vitro experiments often use osteocyte conditioned medium
(CM), which is comprised of the complete osteocyte secretory response, to study the indirect

effect of fluid stimulation on osteoblasts and osteoclasts via osteocytes.

However, there is a major limitation of using MLO-Y4 cells as an osteocyte cell model. In vivo
studies have shown that osteoblasts are regulated by an important molecule released by
osteocytes — sclerostin [104]. It has been revealed that sclerostin inhibits osteoblast activity and
bone formation through the Wnt/Beta-Catenin pathway [107][108], and that mechanical loading
on the bone leads to a reduction in sclerostin levels in vivo [18], thus proving sclerostin’s critical
role in mechanotransduction studies between osteocytes and osteoblasts. Unfortunately, this

essential signalling molecule is missing from the MLO-Y4 released soluble factors, giving the
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MLO-Y4 cell model a great disadvantage in studying osteocyte regulation of osteoblast function

under mechanical loading.

Recently, a new cell line for osteocytes had been developed by Dr. Pajevic (Boston University),
the OCY454 osteocytes [26]. Also derived from mouse long bones, these cells have been shown
to secrete significant levels of soluble sclerostin and dentin matrix acidic phosphoprotein 1
(DMP1) after differentiation. They are also shown to be mechano-sensitive, significantly
increasing its expression of sclerostin in response to microgravity in vitro. Using both 2D and 3D
cultures of OCY454 cells, the authors demonstrated that mRNA expression of several important
signaling molecules such as sclerostin, DMP1, and OPG were significantly affected by uni-
directional laminar fluid flow with a shear stress of 0.2 Pa. These promising results suggest that
OCY454 cells have the potential of serving as a new cell model for studying osteocyte mechano-
regulation of osteoblasts. Nevertheless, there have yet to be any studies done on how
mechanically stimulated OCY 454 osteocytes can affect downstream bone cells. It is crucial to
understand whether this new cell line is capable of regulating osteoblast differentiation and
activities, as it has the potential to instigate considerable numbers of novel intercellular

communication research on the bone remodelling process.

In this study, we aim to investigate OCY 454 osteocyte’s mechano-sensitivity by measuring
known markers of osteocyte mechanotransduction, both immediately after oscillatory fluid flow
(OFF) and 24 hrs after flow. We will also examine the response of osteoblasts and osteoclasts to
the CM generated from flow-stimulated OCY454 osteocytes. These results will provide us a
good indication of whether this new cell line can be used as an in vitro model for studying

osteocyte mechano-regulation of other bone cells.

3.2 Methods
3.2.1 Cell Culture

OCY454 osteocytes were grown on collagen-coated (0.15 mg/ml Type I collagen (Corning,
USA)) dishes with alpha minimum essential medium (MEM) (WISENT, Canada) containing
10% fetal bovine serum (FBS) (Gibco, USA) and 1% antibiotic-antimycotic (Gibco, USA).
OCY454 cells were seeded at 10° cells per 100 mm diameter dish (Corning, USA), and allowed

to reach 80% confluency at the permissive temperature (33 °C) for 3 days before passaging. Cells
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were differentiated at the semi-permissive temperature (37 °C) for 10 days before stimulation

with flow.

MLO-Y4 osteocytes were grown on collagen-coated dishes with alpha-MEM containing 2.5%
calf serum (Gibco, USA), 2.5% FBS, and 1% penicillin-streptomycin (Gibco, USA). MC3T3-E1
osteoblast precursors were grown in alpha-MEM containing 10% FBS and 1% penicillin-
streptomycin. MC3T3-Els were seeded at 5 x 10° cells per well in 24-well plate for osteoblast
conditioning experiment. RAW264.7 osteoclast precursors were grown in D-MEM media
(WISENT, Canada) containing 10% FBS, 2% l-glutamine (Sigma-Aldrich, USA), and 1%
penicillin-streptomycin. RAW264.7 were seeded at 2.5 x 10° cells per well in 24-well plate for

osteoclast conditioning experiment.

3.2.2 Parallel Plate Flow Chamber Experiments

OCY454 osteocytes were seeded on collagen coated glass slides at 2 x 10° cells per slide and
incubated in 37 °C overnight. Slides were then inserted into custom-made flow chambers [20] for
OFF stimulation with shear stress of 1.2 Pa for 2 hours in the incubator. After flow stimulation,
slides were incubated in 10mL media for 24 hours at 37 °C. CM was then extracted and used for

osteoblast and osteoclast conditioning experiment.

3.2.3 Sclerostin and RANKL/OPG ELISA

Both sclerostin (recombinant Mouse and Rat antibody purchased as a complete ELISA kit, R&D
Systems, USA) and RANKL/OPG (mouse monoclonal antibody purchased from R&D Systems,
USA) ratio were quantified using standard ELISA method on CM collected 24 hrs after
osteocytes were exposed to fluid stimulation. Briefly, 96-well plates were coated with capture
antibodies (R&D Systems, USA) overnight and blocked with 10% BSA (Bioshop, Canada) in
PBS, then incubated with media sample for 2 hrs, after which detection antibodies (R&D
Systems, USA) and secondary HRP-labelled antibodies (R&D Systems, USA) were added for
colorimetric detection using a Spectromax i3 Multimode Detection Platform (Molecular Devices,

USA).
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3.2.4 Intracellular Calcium Response Quantification

Cells were seeded into flow channels (ibidi, Germany) at a density of 2 x 10° per channel and
incubated overnight. Cells were stained with Fura-2 AM (ThermoFisher Scientific, USA) for 45
min before imaging. Using a custom syringe pump [109], cells were stimulated with OFF at 4 Pa
shear stress and 1 Hz frequency for up to 4 min. The elevated shear stress level chosen in
comparison to standard MLO-Y4 protocols was due an attempt to increase the number of
positive readings per experiment, as our preliminary studies suggested OCY454 cells responded
to much higher shear stress levels. Fluorescent signals were read using a Nikon Eclipse Ti
fluorescent microscope, and a final ratio of 340 nm/380 nm was used to generate the calcium
response curves. A calcium response was quantified as having 2-times fold-change or greater
compared to baseline fluctuations, and data was analyzed using custom in-house MATLAB

scripts.

3.2.5 Fluid Flow and Quantification of ATP Synthesis

Differentiated OCY454 cells were seeded into flow channels (ibidi, Germany). After overnight
incubation, cell numbers were quantified with bright field imaging and manual counting. The
cells in the devices were then stimulated with OFF (2 Pa, 1 Hz) for 20 minutes. ATP contents
within the cell lysate and in the media collected were combined together for quantification of
total ATP synthesis as mentioned previously [110]. ATP levels were measured using a luciferin-

luciferase reaction (Abcam, UK).

3.2.6 Osteoblast Conditioning Experiment

CM from OCY454 parallel plate flow chamber experiment was used on MC3T3-E1 osteoblasts
seeded in 24-well plates. Media in sample wells consist of 50% CM and 50% MC3T3-E1 media.
Media was replaced on day 4, 7, 10, and 14. Extracted media from these time points were used
for measurement of extracellular ALP activity, and after which the cells were used for Alizarin

Red S (ARS) quantification on day 14.

3.2.7 Quantification of extracellular ALP activity

Extracellular ALP activity levels of cultured MC3T3-E1 were quantified using colorimetric
assay. Briefly, media collected (40 pL) after the 14-day osteoblast conditioning experiment was

added to 40 uL of deionized water and 50 pL of 5 mM pNPP (Sigma-Aldrich, USA), followed
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by a 60-minute incubation at room temperature. Finally, 20 pL of NaOH (Sigma-Aldrich, USA)
was added into the mixture to stop the reaction. The resultant absorbance reading at 450 nm was

detected using the Spectromax i3 Multimode Detection Platform (Molecular Devices, USA).

3.2.8 Calcium Deposit Quantification

MC3T3-El osteoblasts cultured for 14 days in CM were fixed with 4% formaldehyde (Sigma-
Aldrich, USA) before staining with 40 mM ARS (ScienCell, USA) for 30 min. After extensive
washing with DPBS, the cells were incubated in 10% acetic acid (ScienCell, USA) for 30 min
before heated at 85°C for 10 min. The sample is then centrifuged at 16,000g for 20 min, after
which 10% ammonium hydroxide was added to neutralize the acid. The supernatant is read at

405 nm using the Spectromax i3 Multimode Detection Platform (Molecular Devices, USA).

3.2.9 Osteoclast Conditioning Experiment and TRAP Staining

RAW264.7 osteoclasts seeded in 24-well plates were supplied with media consisting of 50% CM
and 50% RAW264.7 media with a final concentration of 10 ng/mL recombinant RANKL (R&D
Systems, USA). Media was changed on days 4, 5, and 6. Cells seeded on well plate were stained
for osteoclast formation using Tartrate-resistant acid phosphatase (TRAP) staining on day 7
using protocol previously described [20]. Briefly, cells were fixed and stained with a leukocyte
acid phosphatase kit (Sigma-Aldrich, USA). TRAP-positive cells were counted and grouped into

small (2-4 nucleus) and large (5 or more nucleus) osteoclasts.

3.2.10 Statistics

A minimum of three individual experiments were ran with minimum 2 samples per experimental
group. Student’s t-test (2-tail, non-paired for calcium response; 2-tail, paired for all other results)
was used to test significance between flow and no flow groups (o = 0.05). The n value represents

the total number of samples from all experiments.

3.3 Experimental Results

3.3.1 Sclerostin Expression under OFF

To establish the OCY 454 cell line as an appropriate model for studying osteocyte intercellular
signalling in vitro, there is a need to demonstrate its mechano-sensitivity under physiological

flow conditions (0.8-3Pa, 1 - 9 Hz [20][111][112]). OFF (1.2 Pa, 1 Hz) was applied to stimulate
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differentiated OCY454 cells, and soluble protein level was measured 24 hrs after flow. We
observed that sclerostin expression by OCY454 cells decreased after exposure to fluid flow
(Figure 3.1A), but no decrease in RANKL/OPG ratio was measured (Figure 3.1B). However, the
secreted levels of RANKL is significantly lower than those measured from MLO-Y4 cells under
the same conditioned as reported previously [95]. Under similar seeding and mechanical
stimulation conditions, the raw ELISA measurement of RANKL were a whole magnitude lower
that previously studied MLO-Y4 cells. However, total cell number is significantly higher for
OCY454 cells due to their culturing protocol, which suggest an even lower per cell expression

level of RANKL.
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Figure 3.1: Sclerostin and RANKL/OPG Expression from OCY454 Cells.
Extracellular sclerostin and RANKL/OPG concentration in media from OCY454 cells 24
hours after flow stimulation. A) Sclerostin levels measured from the flow-stimulated
OCY454 cells were significantly lower compared to no flow control group (p<0.05, n =
6). B) Both RANKL and OPG secretion levels were also measured. No significant
differences in RANKL/OPG ratio was observed between flow and no flow groups
(p=0.39, n = 12).

3.3.2 Intracellular Calcium Response after Fluid Flow

It is well established that MLO-Y4 cells can respond to fluid flow with instantaneous
intracellular calcium response [98], which is one of the major early events in the
mechanotransduction cascade. Outcome variables such as responding cell percentage, response
magnitude, and number of responding peaks have been used as indicators of response to flow to
evaluate osteocyte mechano-sensitivity. We here applied OFF at 4 Pa peak shear stress to
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differentiated OCY454 cells, showing that OCY454 cells do have calcium response to this level
of flow (Figure 3.2). However, comparing to the calcium response of MLO-Y4 cells stimulated
under the same flow conditions, OCY454 cells had a significant lower percentage of responding
cells (Figure 3.2A). Furthermore, the OCY454 osteocytes sometimes had a much higher
magnitude of response, unseen in MLO-Y4 cells (Figure 3.2B&D). These response magnitudes
varied considerably between different experiments, while those from MLO-Y4 cells are known
to be more stable and precise. The OCY454 cells rarely had multiple peak responses (Figure
3.2C), but characteristic multi-peak calcium responses were sometimes found in MLO-Y4 cells
(Figure 3.2D). Furthermore, OCY454 cells typically had longer response durations than the
MLO-Y4 cells, as can be seen in Figure 3.2D, where there is a long response curve in contrast to

the sharp curve observed for MLO-Y4 cells.

3.3.3 ATP Release after Fluid Flow

One of the important markers of mechano-sensitivity of osteocytes is the immediate release of
ATP upon fluid flow stimulation. After 20 min of OFF stimulation (2 Pa, 1 Hz), both media and
cell lysates were extracted from the ibidi chambers to measure for total ATP contents. The
results showed a significant difference in the total ATP content between OCY454 cells under
fluid flow and cells in static conditions (Figure 3.3). This agreed with previously observed

response from MLO-Y4 osteocytes in vitro [98].
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Figure 3.2: OCY454 Calcium response. Immediate intracellular calcium response
measured at the onset of OFF (4 Pa, 1 Hz) stimulation. A) Significant difference in
percentage of responding cells observed (p < 0.05, n = 6), however no statistically
significant difference observed for B) average magnitude of response and C)
percentage of cells exhibiting multiple response. D) A graph showing typical calcium
response curves (flow stimulation started at 1 min) observed from the two different
osteocyte cell lines, with multi-peak response shown in the MLO-Y4 curve.
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Figure 3.3: Total ATP level from OCY454. Total ATP contents were measured from
OCY454 cells immediately after a 20-minute stimulation with OFF. Cell lysate and
media were combined to test for total ATP. There was a significant difference observed
between cells exposed to fluid flow versus no flow (p < 0.01, n = 6).

3.3.4 Flow Stimulated OCY454 Affects Osteoblast Activity

Cross-talk between mechano-sensing osteocytes and osteoblasts is essential to the loading-
regulated metabolic bone remodelling process. To investigate this regulation, CM from OCY454
cells 24 hours after OFF stimulation were used to culture MC3T3-E1 osteoblasts over a period of
14 days. ALP activity was measured on day 4, 7, 10, and 14 from the cell culture media (Figure
3.4A). There was a noticeable increase in ALP activity of osteoblasts cultured in CM from flow-
stimulated osteocytes in comparison to CM from static osteocytes in the first three time points
(Figure 3.4A). These differences started to diminish on day 14, where the ALP activity stabilized
to similar levels between osteoblasts conditioned with flow and static osteocyte media. This is

expected since ALP activity is known to be an early marker for osteoblast differentiation.
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Figure 3.4: Osteoblast activity. Intracellular ALP activity and ARS stain for calcium
deposition in osteoblasts conditioned in CM from static or flow-stimulated OCY454 cells.
A) A significant difference in ALP activity was observed between flow and no-flow
groupsondays 4 (p <0.05,n=11),7 (p <0.01,n=11)and 10 (p < 0.01, n = 11).
However, this difference decreased on day 14 (p > 0.05, n = 7). B) A significant
difference between flow and no flow group was observed in calcium deposition at day
14 (each line represents a separate trial, p < 0.05, n = 9). This verified that the observed
differences in ALP activity does affect osteoblast functions.

In addition to intracellular ALP, calcium deposition is often used as an important indicator of

osteoblast activity in vitro [113]. Calcium deposition levels were also measured at the end of day
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14 using ARS stain. Although ALP levels started to stabilize, there was a significant difference
in the final calcium deposition between osteoblasts conditioned in flow and no flow CM (Figure
3.4B). Quantitative measurement of ARS showed similar trends as those observed from day 4 to
day 10 of ALP activity measurements (Figure 3.4B). These results, combined with the ALP

activity assay, demonstrated that fluid flow-stimulated OCY454 cells can increase bone

formation activities.
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Figure 3.5: Osteoclast activity. Osteoclast activity was measured using TRAP stain on
osteoclast cultured in CM from OCY454 cells for 7 days. A) There was no difference in
the total number of TRAP-positive osteoclasts. However, there was a significant
decrease in the number of large osteoclasts with 5 or greater nucleus when conditioned
in media from the flow-stimulated OCY454 cells (p < 0.05, n = 8). B) Sample images
showing that osteoclasts in the no flow group appeared larger in size.

36



3.3.5 OCY454 Affects Osteoclast Differentiation

Similarly, cross-talk between osteocytes and osteoclasts is critical in the regulation of bone
resorption. CM from mechanically stimulated OCY454 osteocytes was used to culture
RAW264.7 cells supplemented with RANKL. Differentiation of RAW264.7 cells into

osteoclasts was measured by TRAP staining on day 7. Although no significant differences were
observed between the overall numbers of differentiated osteoclasts in the flow and no flow
groups (Figure 3.5A), there was a significant higher number of large osteoclasts with more than

5 nuclei in the no flow group (Figure 3.5B). This demonstrates that fluid flow experienced by
OCY454 cells stimulated a change in secreted factors that altered osteoclast activity, even though

the initial ELISA results showed no difference in the RANKL/OPG ratio.

3.4 Discussion

To address one of the major challenges in osteocyte mechanobiology field, the lack of secreted
sclerostin from MLO-Y4 cells, we here investigated the potential of OCY454 cells as a new
osteocyte model. We showed that OCY454 cells responded to physiologically relevant OFF with
both immediate ATP syntheses as well as long-term sclerostin expression. Furthermore, the
results from our CM experiments confirmed that the factors secreted from OCY454 cells are
capable of regulating osteoblast activities. This is a significant finding since, to the best of our
knowledge, there is very limited in vitro studies on osteocyte-osteoblast intercellular
communication due to the absence of sclerostin secretion from MLO-Y4 cells [114][115]. Our

results suggest that OCY454 cells have the potential to fill this gap in knowledge.

In osteoblast conditioning experiments, ALP activity of MC3T3-E1 osteoblasts conditioned with
flow-stimulated osteocyte CM was consistently higher than that of the no-flow group at 4, 7, and
10 days after the start of conditioning. However, the ALP activity slightly decreased on day 14,
and there was no more significant difference between the flow and no-flow groups. As we are
interested in the time-lapse change of osteoblast ALP activity in response to the same group of
osteocytes, all CM for a single well of osteoblasts came from one specific glass slide of
osteocytes. During the conditioning experiment, vials of CM were thawed from -20 °C during
media changes. Due to the length of storage, media used on day 10 might have significantly less
protein content compared to when it was first collected. This will affect the ALP activity

measured on day 14, and could also explain why there was an overall reduction in ALP activity
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measured in both the flow and no-flow groups. However, the final ARS staining stands as a more
concrete proof to the overall effect of the 14-day conditioning of osteoblasts using OCY454 CM.
ARS stain from the flow group was consistently higher than that from the no-flow groups,
demonstrating the lasting effect of the mechano-regulation of osteoblasts via osteocytes.
Although fresh CM could be generated from new flow experiments for each media change, this
would result in large variations between the CM due to differences, such as cell passages,
making it difficult to isolate the effect of the osteocyte mechano-regulation of osteoblasts. The
difference observed between osteoblasts conditioned in CM from static and flow-stimulated
OCY454 cells is likely due to the flow-induced downregulation of sclerostin expression, though

more molecular experiments will be needed to confirm this proposition.

Results from the osteoclast conditioning experiments also demonstrated a difference between the
flow and no flow groups. This is unexpected as the initial ELISA quantification of RANKL/OPG
ratio showed no major change when the OCY454 osteocytes were exposed to flow. Though it
has been suggested that sclerostin might have a catabolic mechanism to increase osteoclast
activity through a RANKL-dependent pathway [116], RANKL levels measured from OCY454
cells using standard ELISA were often very low, similar to the results obtained by the original
developers of the cell line [26], indicating other pathways are at play. There is also a possibility
that the decrease in osteoclast differentiation in the flow group could be due to B -catenin
signals. It has been proposed in literature that B -catenin signals play a role in osteoclast
differentiation [117] and, as an inhibitor of the Wnt pathway, decrease in sclerostin might also
decrease osteoclast differentiation. However, this phenomenon is still widely debated in
literature [118][119], and OCY 454 osteocytes may be an ideal candidate to explore this pathway

in vitro.

We have also tested the immediate response of OCY454 osteocytes to fluid flow, in an attempt
to verify and quantify its mechano-sensitivity. Flow-induced ATP release is a well-known
indicator of mechanotransduction for osteocytes, often coupled with autophagy [110] and
transient calcium response [98][120]. Similar to results observed for MLO-Y4 cells [121], the
new OCY454 osteocytes also exhibited a significant increase in total ATP expression when
stimulated with flow. Interestingly, the calcium responses measured from the OCY454 cells is

very different compared to the MLO-Y4 cells. Under elevated flow condition of 4 Pa shear
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stress, MLO-Y4 cells exhibited consistency in percentage of responding cells, mean magnitude
of response, and percentage of multiple response. But when the same flow conditions were
applied to the OCY454 cells, large variations in response were observed between the different
experiments. Overall, there were significantly less OCY454 cells that responded to flow.
Furthermore, when applied with standard in vitro fluid flow condition of 2 Pa shear stress,
almost no calcium response was observed from the OCY454 cells (data not shown). The large
variations in response could be due to the heterogeneity of the cell line. Since it is a relatively
new cell line, the OCY454 cells we have been working with are yet to be isolated to a
homogeneous population. As further development of the cell line occurs, there should be a
significant reduction in the variation of the response. However, this may not explain the
observation that there was little to no response to the normal physiological flow condition of 2 Pa
shear stress. A previous study had elicited measurable calcium responses at 0.4 and 1.6 Pa shear
stress [122], using omni-directional laminar flow [123], which is very different compared to the
physiological OFF used in this study. Previous literatures have shown different cell response
under different flow profiles [124], prompting the speculation that OCY454 cells might also have

different calcium response profiles when exposed to different flow schemes.

There is a distinct difference between the culturing methods for the OCY454 osteocytes
compared to MLO-Y4 cells. The overall differentiation period of the new cell line was 14 days,
which resulted in an extremely confluent layer of cells at the end of differentiation. This is very
different from MLO-Y4 cells which require passaging before reaching full confluence. It is
possible that traditional cell culturing techniques are not ideal for this OCY 454 cells, and more
novel methods that encompass a steady supply of nutrients during its differentiation stage should
be explored. Furthermore, the original authors have noted to avoid passaging the cells during the
differentiation period, making it difficult to culture to the full length of the differentiation period
without substantial amount of cell death. As osteocytes in the bone are situated in sparse
networks without direct contact between cell bodies, it is reasonable to question whether the new
OCY454 cells are truly representative of the in vivo osteocytes. Future experimentation with the
OCY454 cells should investigate whether there is a more optimal protocol for culturing these

cells that can instigate a similar morphology to in vivo osteocytes.

In vitro studies related to many bone diseases or osteocyte-associated diseases had been limited

as there was a lack of a physiologically-accurate cell line to characterize the disease. Similarly,
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many diseases related to sclerostin cannot be studied using MLO-Y4 cells. Animal studies and
clinical data is often used, but without proper understanding of their pathways in vitro, it is
extremely difficult to uncover clinical solutions to these diseases. We suggest that, by
demonstrating their capability to regulate osteoblast and osteoclast activities, OCY454 cells can
be used in vitro to study diseases such as bone dysplasia and van Buchem disease [125]. The
incorporation of OCY454 cells will provide insight into the imbalances between bone resorption

and bone formation, leading to potential clinical solutions to disorders such as osteoporosis.

3.5 Conclusion

In summary, we showed that OCY454 osteocytes respond to flow with changes in intracellular
calcium concentration, ATP contents, and sclerostin release. We also showed that soluble factors
released from fluid flow-stimulated OCY454 cells can further regulate osteoblasts. Therefore,
our findings suggest that OCY454 is a promising new cell model for in vitro osteocyte
mechanotransduction studies. We hope that, by demonstrating these traits, OCY454 cells will be
recognized as a new cell line capable of tackling intercellular signalling studies between bone

cells and unveil molecular targets that are key to future clinical solutions.
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Chapter 4

4  Magnetically Actuated Beam for Osteocyte
Stimulation

4.1 Introduction and Background

Mechanotransduction is an important process for basic cell functions, affecting key cellular
mechanisms such as protein signalling and DNA transcription. Physical cues act as fundamental
inputs to mechanotransduction, ranging from mechanical stimulation of the cell surface to unique
physical properties embedded in the surrounding extracellular matrix [126,127]. Although
observed in a variety of organ systems, these physical cues are most prominent in load-bearing

tissues such as the bone.

In bone tissue, osteocytes, the major mechano-sensory cells, are embedded within the lacunar-
canalicular network exposing them to high levels of fluid shear stress upon bone tissue
compression [128]. This mechanical stimulus is important for bone tissue function, as it activates
key signalling pathways that regulate the bone remodelling process [3,129]. Osteocytes seeded
within in vitro fluid flow systems have demonstrated their sensitivity to different levels of fluid
shear stress [130—132]. However, current typical in vitro systems rely on macro-scale devices
that stimulate a monolayer cell culture with uniform shear stress, in contrast with the pockets of
shear stress gradients experienced by osteocytes in the lacuna-canaliculi network [133,134]. The
rise of microfluidic systems has filled this gap by introducing cell culturing platforms with
dimensions closer to that of the lacunar-canalicular network, therefore demanding development
of newer fluid stimulation mechanisms beyond traditional parallel flow chambers to mimic more

physiologically accurate mechanical stimulation of osteocytes.

One of the early stage cell responses to flow in the form of intracellular calcium fluctuations
have been successfully detected from both osteocytes cultured using in vitro fluid flow systems
[135-137], as well as in vivo models [16,138,139]. These calcium fluxes were measured with
either the average response from a population of osteocytes or the single-cell calcium fluctuation
pattern. However, it is still very difficult to differentiate the cellular responses that result from
intercellular signalling transport from mechanically stimulated cells. Both in vitro experiments

using patterned cell networks [140] and ex vivo studies using bone tissue [141] have
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demonstrated the key role calcium fluctuations play in propagation of signals between
mechanically stimulated and non-stimulated osteocytes; however these studies rely on membrane
disturbance and tissue strain as the mechanical stimulus, lacking the capability to study how fluid
shear stress influences this type of signal propagation. Existing tools such as atomic force
microscopy (AFM) can only provide point-force membrane disturbances to the cell and lack the
capability to generate localized fluid shear stress representative of the different levels of shear
stress experienced by osteocytes within the lacuna-canaliculi network. Hence there is a need for
the development of a platform to locally stimulate a selected region of osteocyte culture with a
shear stress gradient to measure the varying response of osteocytes to mechanical stimulation, as

well as response from intracellular signalling to non-stimulated cells.

While local stimulation of cells has been attempted in the past [142], no study has attempted to
quantify the shear stress gradient that can be generated through local non-contact cell
manipulation. Contact cell manipulation involves direct physical contact between the cell wall
and external tools or forces whereas non-contact cell manipulation is the indirect manipulation of
cells through remote actuation methods such as magnetic fields [20], acoustics [145—-147], fluid
forces [148,149], and dielectrophoresis [150—152]. Contact manipulation allows for precise
control of single cells using techniques such as optics or optical tweezers [153—155], magnetic
fields [156—158] or bio-actuation [159,160]. These techniques can be embedded into a
microfluidic chip and allow for cutting, injecting and stimulation of individual cells with a high
degree of selectivity and accuracy [161-163]. Non-contact cell manipulation has the capability to
manipulate a larger number of cells in a multitude of environments but loses some of the
accuracy and specificity of contact manipulation. They are, however, less likely to damage cells
as a result. Magnetically actuated micro-robotic tools have been used in the past for cell
manipulation tasks such as transportation [143,144] or proposed for other biomedical

applications [164].

This study aims to design a platform which can enable local cell mechanical stimulation by fluid
shear stress in a targeted region. A magnetically-actuated beam is placed above adherent MLO-
Y4 osteocyte-like cells and oscillated at a frequency of 1 Hz in order to apply fluid shear stresses
to the cells. The shear stress is localized to the region surrounding the beam, while cells further
away from the stimulated region experience minimal shear stress. Finite element simulations are

performed in order to quantify the shear stress values that can be generated by the oscillating
42



magnetic beam. An experimental protocol is established with a specifically designed coil system
and driving electronics integrated into an optical inverted microscope. Live imaging of intra-
cellular calcium fluctuations is used to quantify cell response during magnetic actuation. A shear
stress map is plotted along with the locations of all stimulated cells in order to illustrate the
working principles of the device and to understand how future studies with local cell stimulation

can be performed more reliably.

4.2 Methods

4.2.1 Design and fabrication

Local stimulation of cells is achieved through the placement of a magnetically-actuated flexible
beam above the adherent cell surface, which can generate localized shear stress regions [165].
The beam is manufactured as a flexible polymer with magnetic material embedded inside. It
consists of a mixture of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) which comes
in two parts with a polymer base and curing agent that are combined in a 10:1 ratio by mass. This
mixture is then combined with permanent magnetic particles (MQFP-15-7, NdPrFeB,
Magnequench) in a 1:1 mass ratio. This mixture is poured into a negative mold of the beam that
was created using photolithography. The excess is scraped off with a razor blade. This mixture is
fully cured on an 85°C hot plate for 4 hours and the beam is subsequently removed from the
mold using a needle. After the beam has been removed, the magnetic particles inside the beam
are magnetized before assembly by placing the beam in a uniform magnetic field of 1.1 T created
by two permanent magnets (1-inch cube, NdFeB, N40, Magnet4US) placed 3 mm apart (Figure
4.1).
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Figure 4.1: The fabrication process for the magnetically-actuated beam. a) a
negative mold for the beam is created via photolithography, b) A mixture of PDMS with
magnetic particles is cured in the mold with any excess removed via a razor blade, c)
the beam is removed after curing and magnetized in a large magnetic field generated by
two permanent magnets, d) the magnetic beam is then glued to a glass slide using
liquid PDMS and tape as a spacer and again cured, €) the final device when the spacer
is removed after the device has been fully cured. f) Experiment demonstrating that the
magnetic mixture has no effect on cell death compared to conventional plastic
cultureware. N = 3.

The beam is then glued using liquid PDMS to a glass slide with a spacer added to prevent the
sinking of the beam. This is again cured on an 85°C hot plate for 4 hours. After curing, the
spacer is removed. Separately, an adhesive film is added as a border to another glass slide on
which cells are cultured. The slide with the beam is then flipped and placed on top of the cell
surface. A small gap between the beam and the cell surface is necessary to ensure non-contact
manipulation. Two different types of adhesives films are used to leave a gap height of 10 and 25
pum respectively. However, we will show in our results that cell stimulation was likely not
achieved until the gap height was 5 um as shear stress levels at higher gap heights are not
sufficient. The small gap heights are achieved coincidentally in these set of experiments, but
future experiments can be designed to repeatedly achieve this gap height. The most common
reasons for the experimental gap height to be smaller than the theoretical gap height is because of
gravity, which pulls the tip of the beam down when the device is assembled or a thick layer of
glue that pushes the whole structure downward (see Figure 4.2). The former would also result in

an uneven shear stress gradient resulting in cells closer to the tip of the beam to be more easily
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stimulated due to higher shear stress levels while the latter would increase the shear stress

uniformly across the localized region.
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Figure 4.2: Schematics showing the magnetic actuator. a) Side view of the fully
assembled device where the magnetic beam sits a distance h above the cell surface, b)
top view of the device is shown with the adhesive film border on the bottom slide and
the magnetic device glued to the top glass slide. ¢) and d) show scenarios where the
gap height h can be coincidentally reduced either due to the device being angled
downwards due to gravity (c) or as a result of thick spacer or a thick layer of glue
pushing the whole structure downwards (d). e) A 3D rendering of the geometry is
shown. This is the geometry used in the finite element analysis. The red square shows
the region where shear stress calculations were performed.

4.2.2 Experimental design

A pair of electromagnetic coils (Figure 4.3) were designed to fit around a fluorescence
microscope. A large set of coils were designed with a 17 cm radius, 300 turns ofa 7 AWG
copper wire mounted on a wooden structure that generates 10 mT in the center of the workspace.
The device is placed in the center of the workspace such that the magnetization direction of the
beam is perpendicular to the external magnetic flux density. An oscillating magnetic flux density
of 10 mT at 1 Hz (Figure 4.4b) causes the beam to oscillate in the x-y plane [165] that results in
fluid shear stress on the cell surface. From previous literature, commonly accepted range of fluid

shear stress sensed by osteocytes in the lacuna-canaliculi network is estimated to be around 0.8 —
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3 Pa [133], with our previous work showing a response from MLO-Y4 osteocytes at a minimum

0f 0.5 Pa[130].
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Figure 4.3: Experimental setup to test magnetic actuator. a) A schematic of the
experimental setup is shown, b) the actual coils when placed around the microscope
are shown. The 1D Helmholtz coils are specifically designed to fit around a fluorescent
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microscope. The coils are connected to an amplifier and power supply for current
generation.

Hence, the magnitude of the shear stress must be greater than 0.5 Pa to result in cell stimulation,
which occurs for very small beam-surface gap heights. The coil system is connected to an analog
servo driver (30A8, Advanced Motion Controls) and power supply for tunable field generation.
A signal generator is used to generate a 1 Hz sinusoidal waveform. The sinusoidal waveform was
chosen because it is the most well-accepted stimulus pattern for osteocytes in literature
[166,167]. The external magnetic flux density (B) results in a torque on the magnetic beam since
the direction of magnetization (m) is placed perpendicular to the field direction. The
magnetization of the beam is 48 kA/m [168] . The resulting magnetic torque (T) is described by
Eq. 1.

T =m X B = mBsinf (1)
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Figure 4.4: Simulation results for magnetic beam flow generation. a) 2D Couette
flow principle; b) magnetic flux density generated by the coils (shown for 2 s for posterity
but this takes place over several minutes); c) the resulting theoretical deflection profile
of the beam if the magnetic flux density in (b) is applied. This is also the profile used in
the finite element analysis and the tangential derivative is used to determine the
theoretical velocities shown in parts (e) and (g). d) The theoretical beam tip velocity
magnitude as well as the cycle averaged velocity is shown for the deflection profile seen
in (c). ) and g) are plotted using Eq. 7 with theoretical velocities determined using the
tangential derivative of the deflection profile and the numerical velocities determined
from the finite element simulations. f) and h) show the shear stress with varying gap
heights and beam tip deflection based on Eq. 6 using theoretical and numerical
velocities.
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4.2.3 Finite element simulations and analysis

To determine the shear stress that is applied to the cells and to understand how the results can be
made reproducible, a set of fluid-structure interaction simulations were performed in ANSY'S
Workbench 17.1. These were repeated for different deflections with a gap height of 50 um. The
results of these simulations can be seen in Figures 4.4 and 4.5. A 3D geometry was constructed
as shown in Figure 4.2e in ANSYS Workbench 17.1 with Transient Structural and Fluent
components coupled together. A tip force was applied to the magnetic beam to match the average
deflection seen in experiments. Note that the devices are all manually fabricated where small
variations can result in large changes to the deflection profile of the beam. This simulation uses
an average observed deflection, but this can be higher or lower for individual experiments
resulting in higher or lower shear stress values. The magnetic physics were not modelled here
since magnetic actuation is only used to deflect the beam, which is easily observed
experimentally, and therefore a model is not necessary to determine beam deflection or other
parameters for estimation of the shear stress. A sinusoidally oscillating force is applied to the
beam which induces motion in the fluid. The resulting velocity data from the fluid domain was
extracted from CFD-Post for the 1 mm square shown in red in Figure 4.2¢. For a 2D geometry, a
spatial gradient of the velocity (u) data can be used to generate the shear stress () results as

shown in Eq. 2 where u is the fluid viscosity.

ou

7(2) = no @)

For our 3D geometry with all 3 components of velocity, we need to use a spatial gradient of the
velocity vector, which results in a 2" order stress tensor as seen in Eqs. 3 and 4 where the

diagonal elements correspond to the normal stresses and the rest are shear stress components.

(W) = uvu
(3)
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When all components of the shear stress tensor were plotted, we observed that the results of the
tensor are asymmetric, and this is likely a result of the vortices created by the beam oscillation
and that 7, is the largest component of the shear stress. This is in line with the design of our
device where the magnetic beam is placed a certain gap height above the cell surface and
oscillates in the x direction resulting in a large spatial gradient. Finding the principal stresses of
an asymmetric tensor is computationally intensive [169]. For our purposes, it is sufficient to
conclude that all other elements are negligible and concentrate on the 7,, component as the
primary shear stress component leading to cell stimulation.

ou
Txz = 'ua_Zx )

4.2.4 Analytical model

A Couette flow model is used as a simplified model of the system fluid dynamics. The Couette
flow model is the flow of viscous fluid between two infinite plates separated by a distance h with
one plate moving at a velocity U and the other plate held stationary as shown in Figure 4.4b. The
shear stress for this simplified model is determined by Eq. (2) (the spatial gradient of the
velocity). The geometry of motion in the experimental setup of this paper differs from the
Couette assumption in two main ways: 1) oscillating flow generated due to the back and forth
motions and 2) edge effects of the beam. A correction factor for the oscillatory Couette flow is
found in Nalim ef al [170]. However, since the Reynolds number for our flow is very small (with
a peak of around 1.0), the oscillating flow correction is found to have negligible impact on the
shear stress and does not need to be accounted for. Regarding the infinite plate assumption in the
Couette flow model, our beam has defined edges and we see from the finite element model that
some of the largest shear stress values occur near the edges of the beam. It has been shown in the

past that edge effects increase the shear stress locally [170], and so we investigated the accuracy
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of the simple Couette flow model (Eq. 6) for our setup to obtain the shear stress values plotted in
Figure 4.4f and h. Here, U is the plate velocity (or the tip velocity of the beam in our specific
case), h is the gap height and z is the vertical distance from the stationary wall. The velocities
used in the calculation of the shear stress using this model are determined using 1) finite element
simulations and 2) theoretical velocities determined based on the tangential derivative of a
sinusoidal wave of the beams’ deflection profile as shown in Figure 4.4c. The theoretical
velocity profile of the beam is also illustrated in Figure 4.4d. The fluid velocity at different
vertical distances from the beam (as shown by Eq. 7) is plotted in Figure 4.4e to show that the
analytical Couette flow model and numerical simulations are in agreement and thus accurately
captures the dominant fluid effects. The in-plane component of the fluid velocity is also plotted

versus varying beam tip deflections in Figure 4.4g.

= (©)
U
u(z) = TZ (7)

4.2.5 Cell culture

MLO-Y4 osteocytes (courtesy of Dr. Bonewald, Indiana University School of Medicine) are
cultured in growth media composed of 2.5% calf serum (CS, Gibco, USA), 2.5% fetal bovine
serum (FBS, Gibco, USA), 1% penicillin-streptomycin (PS, Gibco, USA), and 94% Alpha
Minimum Essential Medium (MEM) (WISENT, Canada). Cells are seeded during passage 29 at
10° cells per 100 mm diameter collagen-coated (0.15 mg/ml Type I collagen (Corning, USA))
culture dishes and expanded until they achieve 80% confluency. The cells are then transferred
onto collagen-coated experimental slides (75x25 mm) at a density of 500k cells per slide for
overnight incubation untill they reach 80% confluence again before imaging. MLO-Y4 cells are
passaged between P29 and P35 while maintained in an incubator at 37 °C and 5% CO». Cell
death was quantified using Trypan Blue Stain (Sigma-Aldrich, USA) and counted under a

standard light microscope.

4.2.6 Intracellular calcium imaging

Calcium imaging protocols are based on previously existing studies in literature [58,83,171].

Briefly, MLO-Y4 cells are stained with Fura-2 AM intracellular calcium dye (ThermoFisher
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Scientific, USA) for 45 min at room temperature in darkness. After rinsing with phosphate-
buffered saline (PBS, Sigma-Aldrich, USA) and resting on a heated imaging stage for 15 min,
experimental slides seeded with stained cells are imaged by a Nikon Eclipse fluorescence
microscope for 1-2 minutes before the magnetic field is turned on to oscillate the beam for up to
10 minutes. During experiments, cells are seeded in regular growth media supplemented with 4.6
mg/mL Dextran (500k MW) (Sigma—Aldrich) to achieve the needed shear stress value without
significantly increasing the size of the beam. This results in an increase in the viscosity of the
media which is directly proportional to shear stress. It has been previously shown that the
addition of Dextran to flow experiments using MLO-Y4 osteocytes does not affect their calcium
response [25]. Fluorescence signals are read, and a ratio between signals produced from
exposure to 340 nm and 380 nm wavelength light is used to generate the calcium response
curves. A point in an empty space is used to check for any background imaging noise; due to the
ratiometric nature of the Fura-2 AM dye, no additional manual correction for noise is necessary
if no imaging noise in the empty space is observed.. A calcium response is quantified as having
2-fold-change or greater compared to baseline average response peak magnitudes measured in

the initial 2 minutes of non-stimulated cells.

4.3 Contribution to Overall Project

This was a collaborative project with Dr. Eric Diller’s lab here at University of Toronto. Both co-
first authors of the publication had specific contributions to the project. For my part, I was first
involved in the experimental design for the validation of the device, where I helped setup the
prototype device as well as the imaging system we used for all our validation experiments. I was
then responsible for carrying out all the cellular experiments, where I was responsible for
measuring intracellular calcium fluctuation of osteocytes under magnetically actuated micro-
beams, and associated maintenance and preparation of osteocytes for these experiments. Both co-

first authors equally contributed to the data analysis and manuscript writing related to the project.

4.4 Experimental Results and Discussion

We see from the analytical and numerical results of the shear stress values with different gap
heights that large shear stress values are only obtained for very small gap heights (below 10 pm)
and large beam tip deflection (greater than 150 um). In Figure 4.5a, we have plotted the

maximum shear stress map resulting from the oscillation of the beam over 10 cycles (the flow
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has stabilized within 1 cycle as differences between the 1 cycle and 10 cycle simulations appear
negligible) in the 1 mm square region of interest around the beam tip, along with all responding
cells recorded from multiple experimental trials. A sample microscope view of the beam and
osteocytes is shown in Figure 4.5b. The maximum shear stress occurs in small areas around the
beam oscillation which we refer to as the ‘local stimulation region’ (LSR). We see that cells in
and around the LSR are stimulated. This is confirmed to be a response due to the magnetic
actuator, as cells seeded in the magnetic field without the actuator elicited no quantifiable
calcium response. We also observed cells being stimulated outside of the LSR where the shear
stress magnitude was below the threshold required for cell stimulation. We have two hypotheses
as to why this is the case; first, this could be the result of some form of cell response due to
prolonged low magnitude shear stress, or secondly, a release of signalling factors from the
stimulated cells in the LSR cross talk with cells outside the LSR that lead to their response
through intercellular communication. Also plotted here are the results of stimulated cells colour
coded with a time stamp. It is observed that the response time of the cells is correlated with the
distance of that cell from the tip of the beam (Figure 4.5¢ and 4.6a). The linear coefficient
between these two variables is calculated to be 0.59, demonstrating a trend between distance and
response time. We believe a higher coefficient can be achieved once we adopt the experimental
setup in an enclosed microfluidic device, where we will have more control over the gap height
between the osteocytes and the magnetic beam, as well as the reproducibility of device
fabrication and thus the setup. This corroborates our earlier prediction that gravity is pulling
down the tip of the beam resulting in higher shear stress levels near the tip and lower shear stress
levels in the remaining LSR. The effect of gravity on the beam was also visually observed on

multiple devices. The detailed calcium response of three cells is shown in Figure 4.6b.
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Figure 4.5: Osteocyte calcium response under magnetic actuator stimulation. a)

The shear stress map obtained using Eq. 6 with velocities obtained from finite element

simulations is overlaid with the locations of all responding cells from multiple trials that
are coded with the time it takes to respond. The dotted line shows the typical viewing
window in experiments and the range of the beam oscillation is also overlaid on the

map. b) A representative image obtained of the Fura-2 AM stained cells along with the
beam is shown which corresponds to the dotted lines on the shear stress map. Scale

bar = 50 um. c) A plot of the cell response time vs distance from the tip of the beam with

a linear regression performed is shown, showing an increase in response time for cells
further away from the stimulated region. A total of 3 trials and 39 cells were recorded,

with an r? value of 0.59 for the linear regression.
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Figure 4.6: Sample calcium response curves resulting from magnetic actuation. a)
Three cells are plotted with respect to their positions from the tip of the beam,
positioned in regions with different shear stress values; b) the calcium response of the
corresponding cells from part (a) are shown.

As established in the literature, signals propagate within an osteocyte network through key
molecules such as ATP and calcium. It is interesting to note that despite the relatively far
distance between the LSR and responding cells further away (100-250 um) from the magnetic
actuator, previous work has reported that extracellular vesicles could play a key role in
delivering signals at a distance [141,171]. Since in vitro studies using cell indentation tools have
shown it is difficult for calcium signals alone to propagate intracellular signalling beyond its
neighbouring cells [140], we speculate that exosomes could be a potential explanation for
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responding cells outside of LSR. Furthermore, first peak response time of up to 300 s has been
observed from distant cells. As this time is much longer than standard calcium fluctuation
response time due to mechanical stimulation [172,173], it can be implied that cellular response
seen at this time scale is due to signal propagation from previously stimulated cells. However,
future experiments involving fluorescent tracing of signal molecules will be required to confirm
this hypothesis. Interestingly, except the time of initial response, there was no distinct difference
in other response characteristics such as peak response magnitude and frequency of multi-peak
response between mechanically stimulated osteocytes and osteocytes outside of the LSR with a
registered calcium response. However, there was a slight, statistically non-significant trend
towards higher response rate closer to the magnetic actuator (as can be seen by density of dots in
Figure 4.5c). The above similarity in response magnitude is different from previous studies using
cell membrane indentation technique, where a decrease in response magnitude was observed
between stimulated and neighbouring non-stimulated cells [ 140]. With a prolonged stimulation
time, it is possible that the concentration of signalling molecules increased to a threshold level
capable of generating a comparable cellular response as fluid shear stress [174]. As there is an
inherent difference between types of forces applied to the cell during fluid shear stress vs. cell

membrane indentation, it is difficult to draw appropriate conclusions.

4.5 Conclusion

A device design is proposed and fabricated in order to locally stimulate cells. The device was
employed experimentally, and cells under direct beam oscillation induced shear stress were
found to respond with an intracellular calcium concentration increase. A set of finite element
simulations were performed in order to obtain a shear stress map and a small LSR was found at a
gap height of 5 pm. Over time, cells outside the LSR also respond. We postulate that this could
be the result of communication between cells from the LSR or due to prolonged application of
low magnitude shear stress. Future experiments can be made more reproducible by controlling
the gap height more precisely in device fabrication. Another easy way of increasing the shear
stress is to further increase the viscosity of the fluid which has been shown to increase the shear
stress on the cells [175]. This is a straightforward path to achieve higher levels of stimulatory
shear stress observed in bone tissue during loading [176]. Future studies will aim to place the

beam inside microfluidic channels in order to do more in depth molecular analysis. A
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microfluidic device will allow for future studies of osteocyte network signalling with

physiologically accurate localized shear stress gradient.
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Chapter 5

5 Summary

5.1 Contributions

Throughout all of my thesis projects, I had made significant contribution to the field of osteocyte
mechanobiology, particularly in the design and validation of microfluidic platforms for osteocyte
mechanotransduction studies. Using the multi-shear stress, co-culture microfluidic devices, I was
able to demonstrate that osteocyte response to mechanical loading is tiered, where different
levels of fluid shear stress changed the expression levels of signalling protein from osteocytes, as
well as key mechanotransduction events such as intracellular calcium fluctuations. Furthermore,
I demonstrated that using microfluidic platforms, I was able to test effects of both a chemical cue
(zoledronic acid) and a physical cue (fluid shear stress) together with ease. It can be seen that the
combined effect was not necessarily directly additive. Through my experiments and results, not
only have I confirmed the importance of mechanical stimulation to osteocytes, but I had further
proven that microfluidic devices were a useful tool in studying bone remodelling, and varying

adaptations of its design could generate very beneficial tools for the bone field.

To improve in vitro experimental tools for osteocyte mechanotransduction studies, I partnered
with a collaborator and developed a novel magnetically actuated micro-beam that can generate
localized shear stress regions. This was an extremely useful platform, as the current standard in
vitro mechanical loading model for osteocytes relied heavily on the parallel flow chamber
concept, where an entire network of osteocytes all experienced the same fluid shear stress. The
localized shear stress region produced by our micro-beams mimicked the in vivo fluid shear
stress pockets in the lacuna-canalicular space, offering a more accurate representation of
mechanical loading on osteocytes. Using this model, we were able to for the first time observe
propagation of calcium signals from stimulated osteocytes to surrounding non-stimulated cells in
vitro, and correlated this response time to the distance from center of stimulation. This was very
important for the field as it allowed for study of more physiologically-relevant calcium signalling
in osteocyte networks, and potentially help us understand how localized shear stress can affect

distant osteocyte networks to produce an overall systemic cellular response.
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The work I have done for the validation of novel OCY454 osteocyte cell line was pivotal for the
in vitro study of bone remodelling. For many years, in vitro studies looking at osteocyte-
osteoblast interactions, particular under mechanical loading conditions, had been scarce mainly
due to a lack of stable osteocyte cell line with proper extracellular sclerostin expression. Using
the novel OCY454 cell line, I confirmed its sensitivity to mechanical loading, and demonstrated
its capability to regulate osteoblast activity. To the best of my knowledge, this was the first time
mechanically stimulate osteocytes were used to induce increase in osteoblast activity in vitro.
The results I obtained layout the foundation for future adaptations of OCY454 osteocytes to in
vitro studies of bone remodelling, allowing for a more complete picture of the process as well as
open the opportunity to create next-generation tri-culture systems of osteocyte, osteoblast, and

osteoclasts.

5.2 Limitations

Even though I had successfully demonstrated the intercellular communication between
mechanically stimulated osteocytes and osteoclasts, there are still significant limitations to the
current microfluidic device, particularly during the experimental setup phase. Currently, to
prevent mixing of cells between the two chambers, cell loading was conducted in two separate
days. This allowed for selected chambers to be pressurized in order to minimize cells travelling
through the communication pores during cell loading. However, this was not a robust method as
many attempts resulted in failure due to difficulty in maintaining proper pressure with our
inlet/outlet plugs. Any leakages in these inlets/outlets would result in failed cell loading, and
often meant a restart to the experiment. This limitation could be resolved in the next iteration of
the design, paying particular attention to developing new cell loading methods to achieve more
robust co-culture of osteocytes and osteoclasts. Another limitation of the microfluidic device is
issue caused by the interconnected channels. Although channel length was designed so that
signalling molecules did not have enough time to diffuse to other co-culture units in between
daily media changes, I had ran into significant problems when one of the co-culture units either
had a defect, leakage, or minor infection. In traditional flow chamber experiments, since each
chamber was separated, failure in one chamber only reduced the sample number by one.
However, the co-culture microfluidic device I designed here resulted in three failed co-culture
units whenever one of them had a problem. This drastically reduced the success rate of the

experiments, hence more robust designs are needed. One way to resolve this issue is to integrate
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microfluidic flow control valves into the design [177—-179]. By advancing to a multilayer
microfluidic device, I can introduce these control valves which allows for temporary closure of
each co-culture unit. Valves can remained closed for the entire duration of the experience once
problems arise from one of the sub-units, essentially saving two other co-culture units for
experimentation. These valves can also help with the cell loading limitation in the current device,
where flow control valves can temporarily seal the communication pores so that cells can be

seeded without mixing prior to the beginning of the experiments.

As for the OCY454 osteocytes, although I had demonstrated their potential for osteocyte-
osteoblast intercellular communication studies, they are currently not at a stage where they could
be implemented into microfluidic devices. One of the biggest issue with the OCY454 cells was
their need for over-confluent culture before they expressed significant levels of sclerostin. This
was problematic for microfluidic devices since its physiologically-relevant volume-to-cell ratio
did not allow for prolonged culture of over-confluent cells. Even perfusion of media was not
enough to maintain proper cell health, and large layers of cultured OCY454 osteocytes would
detach and flow out with the perfusion. This limited the application of OCY454 cells to
traditional macro-scale flow chambers, and newer subclones of the cells were needed to have
improved culturing properties before their use in microfluidic devices could be explored.
Furthermore, since they did not express significant levels of RANKL protein, they could not be
used for osteocyte-osteoclast experiments, which meant microfluidic devices looking at bone
remodelling will need two different types of osteocyte cell line. This would present an obstacle

for the tri-culture studies of bone remodelling.

Finally, for the magnetically actuated micro-beam project, we were limited by our current
prototype in terms of the type of cellular analysis we could conduct on the osteocytes. This
limitation could be resolved when we are designing the next generation of devices, where a
sealed microfluidic device could be used to house the micro-beams, allowing for more accurate
fixed-positioning of the localized shear stress region. Another challenging factor in the setup of
next generation devices would be the re-design of the magnetic coils. These coils needed to
reduce in size so that they could be used in the incubator along with the microfluidic devices.
This posed as a challenge since the micro-beams might also need to be re-designed so that the

same degree of actuated strength could be achieved with a potentially weaker magnetic field.

60



5.3 Future Directions

Although I had shown significant proof of osteocyte-osteoclast interaction with the multi-shear
stress device, there are still a lot of experiments that can be carried out within the current device
to further validate the device’s application to bone remodelling. One of the immediate topic of
research will be studying osteocyte-osteoblast intercellular communication during mechanical
stimulation. To achieve this, one can either use the established MLO-Y4 cells to look at other
signalling molecules outside of sclerostin, or utilize the small feature advantage of microfluidic
devices and use primary osteocytes from digested animal bone samples. This will allow us to
gain a better understanding of osteocyte-osteoblast interaction, as well as test various clinically
relevant drug targets such as bisphosphonates to understand its effect on intercellular signalling
during bone remodelling. If newer sub-cultures of OCY454 cells without previously discussed
limitations become available, they will be an ideal, easy to adapt cell line model for this study as

well.

Further work can also be continued on the development of the microfluidic device itself. Current
prototype devices are designed for initial validation experiments, but many features can be
adjusted and new features implemented to improve functionality. Chamber sizes can be
significantly reduced since future experiments can rely on imaging based cellular analysis
instead of using ELISA to measure for cell secretion. This will significantly increase the number
of chambers we can fit on a single chip, increasing the experimental throughput. Furthermore,
sizes of device inlets and outlets can be reduced to fit smaller tubing and needle pins, reducing
their footprint on the device layout. A third channel in between the two culture chambers can be
designed to assist during the cell seeding phase, where better fluid control of the middle channel
can create a fluid barrier so that we can achieve dual cell seeding instead of seeding osteocyte
and osteoclasts on separate days. These new design features will allow easier setup and increase
the number of experiments that can be done simultaneously. Another class of improvements that
can be made to the microfluidic device is on-chip nano-wire sensors that can track real-time
concentration of signalling proteins post mechanical stimulation [180]. This would make up for
the reduced chamber size in the new designs, where standard ELISA kits will not be applicable

due to the low sample volume.
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In terms of the magnetically actuated micro-beam, after our initial validation of its effect on
cultured osteocytes, the next step will be to implement this device in a sealed microfluidic
prototype to conduct more cellular analysis via imaging based techniques. The current prototype
setup does not allow for long-term mechanical stimulation of osteocytes, which can be resolved
by the new microfluidic device. This would require a re-design of the magnetic coil system so
that we can generate the same magnetic field in the incubator, allowing for longer culture times
for the cells. Dosage-dependent response can then be analyzed based on the frequency and
duration of the mechanical stimulation on these cells. Furthermore, with fixed micro-beam
locations, we can now look at the long term effects of adjacent pockets of fluid shear stress and
how they affect osteocyte mechanotransduction in regions between the different shear stress
pockets. Extensive analysis can be done using immunostaining techniques to look at different
protein expression levels and how they correlate with distance to locally stimulated osteocytes.
This will greatly improve our understanding of how osteocytes communicate to each other, and
how in vivo shear stress pockets influence the mechanotransduction of an entire osteocyte

network.
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Appendices

Appendix I: Mechanical Stimulation of Tendon Cells

In a collaboration with Dr. Feng from Texas A&M, we did some work on the characterization of
tendon cell mechanical property, as well as their behaviour under mechanical stimulation. This is
within an effort to understand the role mechanical stimulation plays in the differentiation of
tendon cells. Previously, it is well understood that cartilage differentiation (chondrogenesis) and
bone differentiation (osteogenesis) are two different processes. However, recent work done by
Dr. Feng and other groups have suggested a new dogma where the two processes is continuous
where chondrogenesis eventually leads to osteogenesis [181][182]. This is a ground-breaking
discovery, as it provides a potential solution to source cartilage cells from reversed osteogenesis.
Similarly, it is observed that tendon cells might have similar relations with bone cells
(unpublished work). Due to the function of tendon in the joint, it is suspected that different
degree of mechanical stimulation of tendon might result in different stages of differentiation in
between tendon cell and bone cell. Our work focused on the in vitro experiments where we

analyzed the effect of mechanical stimulation on primary tendon cells.

The first step is to understand the mechanical loading experienced by tendon cells in vivo. We
designed a simple strain sensor circuit equipped with a commercial strain sensor that is able to
measure the tendon strain during regular joint movement. We fitted the strain sensor to a
dissected dog limb using biocompatible glue and measured the strain while simulating regular
joint movement ex vivo. The resistance of the strain sensor was tuned so that the range of joint
movement resulted in an observable change in strain sensor feedback. Sample data is plotted in
Figure 1.1, were we simulated several normal joint movements and recorded the strain values
during these mechanical loading. The next step is to correlate these strain values to the force

readings in order to understand the level of mechanical loading the tendon is experiencing.
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Figure 1.1: Sample data from strain sensor. Raw data from the strain sensor plotted
against time. Various joint movement was simulated on the god limb while sensor was
collecting data.

Very limited literature is available that provides a modulus value for tendons, hence we needed
to measure the mechanical properties of tendon ex vivo. Using dog knee tendon as the animal
model, we measured the stress-strain curve from tendon explants using a mechanical stretcher
equip with a force sensor module. The tendons were pulled until they failed and the relation
between stress and strain was recorded (Figure 1.2). We were able to derive a correlation
between force and strain, which can be used to translate data from figure 1.1 into force values

that can be used in future in vitro mechanical loading experiments of tendon cells.
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Figure 12: Example of mechanical testing result for a dog tendon. Stress-strain
curve recorded from a mechanical stretcher testing of dog tendons. Plotted the linear
segment of the data to obtain a correlation between the two variables.

We also worked with primary tendon cells in vitro to look at changes in gene expression levels
when these cells are exposed to mechanical loading. Using the Flexcell membrane stretching
system, we exposed the primary tendon cells to 10% strain for 2 hrs before extracting mRNA to
quantify gene expression 24 hrs after stimulation. From the gene expression changes observed
from the initial experiments, there is a decrease in cartilage genes and an increase in hard-tissue
related gene expression (Figure 1.3). This suggests that mechanical loading might be a key factor
in the trans-differentiation of tendon cells into bone cells. However, there are large variations
within the current data, and more extensive experiments will be needed to validate the changes

we observed after mechanical stretching.
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Figure 1.3: Gene expression changes for primary tendon cells. Normalized gene
expression level from Flexcell testing of primary tendon cells seeded on elastic
membranes. Ihh, Runx2, Sp7, Col1a1, and Bmp4 are genes related to hard tissue,
showing an increase after cells experienced mechanical loading. Scleraxis, Tnmd, and
Sox9 are genes related to tendon differentiation, and saw a decrease after exposure to
mechanical loading. Large variations in data collected can be seen from the error bars.
A and B represent two separate trials.
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