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A B S T R A C T

Researchers have been using lab-on-a-chip systems to isolate factors for study, simulate laboratory analysis and
model cellular, tissue and organ level processes. The technology is increasing rapidly, but the bone field has been
slow to keep pace. Novel models are needed that have the power and flexibility to investigate the elegant and
synchronous multicellular interactions that occur in normal bone turnover and in disease states in which re-
modeling is implicated. By removing temporal and spatial limitations and enabling quantification of functional
outcomes, the platforms should provide unique environments that are more biomimetic than single cell type
systems while minimizing complex systemic effects of in vivo models. This manuscript details the development
and characterization of lab-on-a-chip platforms for stimulating osteocytes and quantifying bone remodeling. Our
platforms provide the foundation for a model that can be used to investigate remodeling interactions as a whole
or as a standard mechanotransduction tool by which isolated activity can be quantified as a function of load.

1. Introduction

In the past five years, important in vitro studies have been per-
formed that contribute to our understanding of osteocyte mechan-
otransduction—the process by which osteocytes sense mechanical load
and signal to other cells to orchestrate bone remodeling. Much of this
work focuses on the effects of fluid flow on osteocyte secretory factors
that influence osteogenesis and bone remodeling by osteoclasts (bone
resorbing cells) and osteoblasts (bone forming cells). For example,
Govey et al. performed transcriptomic and proteomic analyses fol-
lowing stimulation of osteocyte-like cells with oscillating fluid flow.
Importantly, chemokines Cxc11 and Cxcl12—which may act as para-
crine signals for the recruitment of osteoclasts and osteoblasts—were
shown to be responsive to fluid flow for the first time [13]. Ad-
ditionally, Chen and coworkers showed fluid shear stress of osteocytes
promotes osteogenic lineage commitment. After 24 h of mechanical
stimulation, conditioned medium (CM) was added to mesenchymal
progenitor cells. Following 24 h of exposure to the CM, DNA methyla-
tion decreased for osteogenic markers, and gene expression of later
osteogenic markers increased [5]. Both of these studies provide valu-
able information that enhances our appreciation for osteocyte signaling
during mechanotransduction.

Moreover, novel techniques that model the physiological environ-
ment during mechanotransduction and subsequent bone remodeling are
being devised. X. Edward Guo's group from Columbia University has

focused on the development of multiscale experimental systems for the
study of mechanical stimulation and associated tissue adaptation. These
platforms include an ex vivo murine tibia model for the study of os-
teocyte mechanosensation and early mechanotransduction. The model
incorporates a mechanical loading apparatus that delivers cyclic com-
pressive loads to the whole bone. In this way, tissue-level stimulation
can be induced and the osteocytes’ early response investigated within
the native environment. Another of Guo's experimental systems is a
trabecular bone explant model. Trabecular bone samples containing
osteocytes and on which osteoblasts are cultured are maintained within
a loadable perfusion bioreactor. Load is applied, osteocytes signal to
osteoblasts, and histological and mechanical property changes are
measured. A final technique developed by Guo and coworkers enables
visualization of changes in osteocytes’ cytoskeletal features during fluid
flow. High temporal resolution and reconstruction of quasi-three-di-
mensional images facilitate characterization of the immediate me-
chanical activities of these cytoskeletal components [4]. These systems
show great promise in moving forward our understanding of the com-
plex mechanisms by which osteocytes function to direct bone turnover
and adaptation. We hope to add to this body of work through use of a
physiological lab-on-a-chip (LOC) that integrates multicellular inter-
actions during bone remodeling.

Because miniature LOC platforms have the ability to incorporate
multifunctional elements to construct complete analytic microsystems
[7,19], they have proven applicable to research in the biological
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sciences, including genomics, proteomics, clinical diagnostics and drug
discovery [9,12,19]. LOCs house individual controlled environments
that are unable to be replicated through other means–these have proven
advantageous in cell culture [7,9,11]. For example, microfluidic devices
are equipped to culture small numbers of cells under precisely regulated
conditions with limited consumption of materials [7]. These benefits
have been exploited, and substantial work aimed at developing systems
to mimic tissues, organs and organ systems has been completed
[7,9,11,12].

While many areas of research have adopted this technology to great
benefit, the bone field has been slow to incorporate the advantages
these systems provide. Presently, much of what is known about the
response of bone cells to mechanical stimulation has been gathered
from in vitro mechanotransduction studies in which cells are isolated as
a single cell type in an artificial environment and in the absence of
native milieu [3,6,14,15,18,29–31]. These systems are not able to
adequately mimic the physiologic environment of the bone or integrate
many of the fundamental elements known to be crucial in mechan-
otransduction [9]. An important exception is a microfluidic co-culture
platform developed by Middleton et al. that allows for the study of
osteocyte-osteoclast communication in the presence of shear stress. The
device consists of three microchannels in parallel separated by high
resistance side channels. The three main microchannels simultaneously
house mechanically stimulated osteocyte-like cells, osteoclast pre-
cursors and unstimulated osteocyte-like cells, respectively, to promote
signaling among populations. Experimentation with this physiological
setup led to some interesting discoveries. For example, it was observed
that osteoclast precursor density and osteoclastogenesis increase to-
ward unstimulated osteocyte-like cells and that osteocyte mechan-
osensitivity increases when in co-culture with osteoclasts [23]. Given its
physiological relevance, this work contributes markedly to our com-
prehension of osteocyte-osteoclast signaling during mechanostimula-
tion.

Our goal is to develop a platform that minimally incorporates the
three key types of bone cells–osteocytes, osteoblasts and osteo-
clasts–and removes temporal and spatial limitations. This system will
enable investigation not possible with single cell in vitro or in vivo
models. For example, bone cells possess vastly dissimilar lifespans; in
fact, the lives of osteocytes and osteoclasts differ by years [21]. And, the
duration of resorption is about three weeks, while the formation phase
lasts approximately three months. Further, osteoblasts and osteoclasts
are not observed in the same location simultaneously during the process
of remodeling. A LOC can remove these restrictions and enable con-
current study of any combination of cell types. Finally, while me-
chanotransduction studies generally quantify biomarker activity that is
indicative of function, the LOC platform can be designed to enable
quantification of functional outcomes, i.e. bone formation and resorp-
tion. As such, LOC technology offers opportunities to bridge the gap
between isolated in vitro experiments and animal models, providing
complex information yet controlling for confounding factors found
within in vivo systems [15].

2. Bone's multicellular interactions

To develop biomimetic bone systems, multicellular interactions in-
volved in mechanically-induced bone remodeling should be in-
corporated (Fig. 1). In their quiescent state (Fig. 1a), networked os-
teocytes (blue) communicate via gap junctions (GJ, black) with nearby
osteocytes and osteoblastic bone lining cells (yellow) on the bone sur-
face. At the initiation of damage (Fig. 1b-c), fractures arise, impairing
osteocytes and potentially severing their processes. Simultaneously,
conformational changes in bone lining cells result in the exposure of the
bone surface and the formation of a canopy between endothelial cells
(light green) of the neighboring vasculature and the bone lining cells
(Fig. 1d). As the vasculature is exposed to the bone surface, circulating
hematopoietic cells escape and converge on the surface, forming

multinucleated osteoclasts (purple) that resorb bone (Fig. 1e). Upon the
removal of necrotic tissue (Fig. 1f), osteoblasts (dark green) are drawn
to the surface to lay down osteoid, which eventually mineralizes
(Fig. 1g). Some of the osteoblasts become encapsulated in the matrix
and undergo morphological and functional changes to live out the rest
of their existence as osteocytes. As the bone is replaced, communication
networks are restored, and the canopy is dismantled as the quiescent
bone lining cells (inactive osteoblasts) return to the bone surface. While
this general process is known [8,27], there is still much to understand
regarding the mechanisms and pathways involved in bone remodeling
[24], most of which extends beyond the information obtainable from
traditional in vitro systems. Development of a bone remodeling LOC
provides the benefit of a flexible system that enables the study of these
factors in isolation and in combination and is minimally as effective as
current in vitro single cell type models.

3. LOC platforms for bone study

Osteocytes are mechanosensory cells uniquely positioned within the
bone matrix to sense stimuli and, in turn, direct osteoblasts and os-
teoclasts in remodeling. While it is known that osteoblasts form bone
and osteoclasts resorb bone, the coupling interactions have yet to be
fully elucidated. Arguments have been made for soluble factors, direct
contact and cell-matrix interactions [33]. Likely, as osteoclasts resorb,
signals are sent to osteoblasts or their precursors to minimize bone
formation or keep them at bay until they are needed. Whether these
signals originate from the osteocyte, osteoclast or environment remains
to be determined. However, the net effect of all co-factors should sup-
port resorption by suppressing concurrent formation. A similar case can
be made for the formation phase. Because remodeling at a given site
can take months to complete, there are many opportunities for such
interactions; however, the bone field is only beginning to recognize the
potential relevance of long-term interactions [34].

We have developed two LOC platforms to date. The first contains
osteocytes cultured on polydimethylsiloxane (PDMS) that can be loaded
by out-of-plane substrate distention. The second contains osteoclasts or
osteoblasts cultured on appropriate substrates and enables quantifica-
tion of bone resorption and formation. We seek to combine these de-
vices into versatile LOC platform(s), like those shown in Fig. 2. The
flexibility of platforms like these allows for the investigation of a
multitude of remodeling interactions, pathways and paradigms. In
Fig. 2a, the platform is designed to investigate osteoclast soluble ac-
tivity on bone formation. In this configuration, osteoclasts are exposed
to CM from mechanically stimulated osteocytes. The osteoblasts are, in
turn, exposed to double CM which contains soluble signals from the
osteoclasts in response to osteocyte stimulation. The effects of these
soluble signals on bone formation are quantified. When compared to
studies in which osteoblasts are exposed to CM from mechanically sti-
mulated osteocytes or in which they are subjected to direct load, mul-
ticellular interaction effects (soluble activity) can begin to be under-
stood. In Fig. 2b, contact interactions are incorporated by co-cultures of
osteoclasts and osteoblasts. In this configuration, co-cultures are ex-
posed to CM from mechanically stimulated osteocytes with bone re-
sorption and formation measured. By comparing the results from the
two configurations, one can systematically investigate the role of so-
luble signals compared to direct cell contact in mechanically induced
bone remodeling. In addition, this platform can be used to explore
contact-dependent cell-cell communication via gap junctional inter-
cellular communication (GJIC). Given the availability of gap junction
inhibitors (topical additives) and knock-down models, these config-
urations can be used to investigate GJIC-intact or GJIC–inhibited en-
vironments to determine the contribution of GJIC to cell contact sy-
nergy. In Fig. 2c, the platform is designed to challenge paradigms. Here,
unstimulated osteocytes are exposed to CM from mechanically da-
maged (overloaded) osteocytes. After a period of time, co-cultures of
osteoblasts and osteoclasts are exposed to this double CM and, again,
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bone resorption and formation are quantified. These experiments are
designed to address the question: Is it the mechanically impaired os-
teocytes or the unstimulated osteocytes receiving soluble signals from
the damaged osteocytes that are the more probable transducers of da-
mage? The potency of damage signals can be assessed via quantification
of functional activity.

4. Significance of LOCs

LOCs can be used to investigate bone-related events and diseases,
such as fracture healing, distraction osteogenesis, bone tissue en-
gineering, osteoporosis, bone metastasis, implant osteolysis and osteo-
necrosis of the jaw. For example, aspects of bisphosphonate-related
osteonecrosis of the jaw (BRONJ) can be studied ideally using LOC
platforms. In BRONJ, a bisphosphonate (BP) is administered as an an-
tiresorptive drug to slow bone loss associated with diseases, such as
osteoporosis and cancer metastasis. However, in some patients who
have undergone tooth extractions, there is a drastic erosion of the jaw.
Given that the etiology is poorly understood, LOCs can be used to model
mechanical trauma (extraction) in the presence of a BP. Similar studies
can be proposed to analyze interactions between bone cells and meta-
static tumor cells in the early stages of metastatic progression. Once
quantification studies are completed, the platform can be employed to
investigate signaling pathways and disease mechanisms. In addition to
research benefits, commercialization may lead to the development of a
chip that can be used by pharmaceutical companies to test anti-
resorptive drug efficacy as well as investigate new drugs to measure
unintended side effects on bone activity. While we do not suggest this
approach will replace animal models, it may significantly diminish the
number of drugs that proceed to animal studies as well as provide a
model in which to study investigational new drug mechanisms of ac-
tion, expediting time to market.

5. Materials and methods

5.1. Approach

We developed and characterized two LOCs: a mechanically loadable
LOC which has been previously described and a functional activity LOC.
Significant characterization work was completed to demonstrate our
ability to fabricate a mechanically loadable device from PDMS using

material property testing and parametric modeling
[17,28,32,38–40,42]. This work illustrated that osteocytes directly
contacting the collagen-coated PDMS within the LOC were not pheno-
typically altered on the polymer and that cell activity can be correlated
to substrate location and strain [39]. Our initial goal is to investigate
short-term exposure of osteocytes to overload and damage as well as its
effects on bone remodeling. We have previously identified osteocyte
loading ranges that are physiologic (≤10% substrate strain), physio-
logic/supraphysiologic (overload-inducing) and supraphysiologic
(death-inducing) using mechanical testing, finite element analysis, di-
gital image correlation techniques and quantification of osteocyte ac-
tivity (e.g., viability) as a function of load. For example, we discovered
lactate dehydrogenase (LDH)—a marker of cell viability—activity was
significantly decreased following 15% (physiologic/supraphysiologic)
loading [38,40,41]. In this manuscript, we demonstrate that the load-
able platform can be used to study single cell type responses and is
amenable to immunochemistry, imaging—fluorescence and scanning
electron microscopy (SEM)—and protein analysis. We completed initial
proof of concept by studying the effects of stimulated osteocytes on
bone remodeling. We analyzed osteocytic factors and quantified the
effects of CM on bone formation. Additionally, we performed studies to
characterize osteoblasts and osteoclasts with the functional activity
LOC and to verify they form bone on tissue culture (TC) treated poly-
styrene discs and resorb bone on wafer inserts within the device.
Conclusively, we show feasibility and fidelity and demonstrate that our
platforms facilitate mechanical load and bone remodeling.

5.2. Verification of osteocyte morphology and phenotype on PDMS in
mechanically loadable LOC

MLO-Y4 osteocytes (a generous gift from Dr. Lynda Bonewald) were
seeded at a density of 104 cells/cm2 within T-25 culture flasks, main-
tained at 5% CO2 and 37 °C and grown to 85–90% confluence in
minimum essential alpha medium (MEMα, Gibco) supplemented with
5% calf serum, 5% fetal bovine serum (FBS, Hyclone) and 1% peni-
cillin/streptomycin (Invitrogen). Cells were seeded at 2 * 104 cells/cm2

on PDMS wells coated with CTI (BD Bioscience) in 0.2 M acetic acid
(Sigma) at a concentration of 5 µg/cm2 for 1 h prior to rinsing in DPBS
solution with calcium and magnesium (Hyclone). Osteocyte prolifera-
tion on PDMS was previously verified over 120 h and compared to
proliferation on glass. LDH activity was verified at each time point (4,

Fig. 1. Cartoon illustrating some of the key events that occur in
bone remodeling. Inspired by ASBMR educational website video
created by SM Ott. Illustration used here with permission. (Ott
SM., 2008. Bone Growth and Remodeling. American Society for
Bone and Mineral Research, Univ. of Washington, Seattle. http://
depts.washington.edu/bonebio/ASBMRed/growth.html.).
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24, 48, 72, 96,120 h) [38]. Immunochemistry demonstrated the ex-
pression of key osteocyte markers, including dickkopf-1 (Dkk-1), re-
ceptor activator of nuclear factor kappa-B ligand (RANKL) and the gap
junction protein Cx43 [40]. Briefly, cells on CTI-coated PDMS were
washed in PBS, fixed using a paraformaldehyde solution at room tem-
perature for 15min and permeabilized for 10min in a PBS solution
containing 0.1% Triton X-100. Primary antibody was added in 1:50 or
1:100 ratios in 1% bovine serum albumin (BSA) solution and incubated
overnight at 4 °C. Cells were washed in PBS, secondary antibody was
added in a 1:500 ratio in 1% BSA solution and incubated at room
temperature for 1 h. Cells were washed, mounted using PermaFluor™
mountant and coverslips and imaged. To visualize the actin cytoske-
leton, rhodamine phalloidin with nuclear DAPI staining was completed.
Following fixation in a 4% formaldehyde solution for 10min, cells were
rinsed in PBS and permeabilized in 0.2% Triton X-100 in PBS. Rhoda-
mine phalloidin was added to the cells in a 2.5% v/v solution to 0.1%
BSA in PBS. Following 20min of incubation at room temperature, cells
were washed in PBS. They were mounted using Vectashield with DAPI
and imaged. SEM was also completed to verify morphology. For SEM,

cells were fixed in a 2% glutaraldehyde, 2% paraformaldehyde solution
in PBS for 15min and washed with PBS and distilled water. Dehydra-
tion was performed over a period of 20min; cells were dehydrated in
25% ethanol increments until immersed in 100% ethanol. Cells were
critical point dried, sputter coated and imaged using SEM.

5.3. Use of mechanically loadable LOC

5.3.1. Mechanotransduction tool
To demonstrate the use of our loadable LOC as a mechan-

otransduction tool, osteocytes were maintained on CTI-coated PDMS
wells within the device for a minimum of 96 h before loading. Cells
were then exposed to 15min of out-of-plane distention using a micro-
actuated loading machine developed in-house and incubated for
90min. Differential activity was then quantified. An alignment system
was developed to enable precise manipulation of the LOC and cell
tracking for correlating substrate strain with cellular activity. Based
upon significant pilot characterization, physiologic loading (≤10%
strain), physiologic/supraphysiologic loading (15–19% strain) and

Fig. 2. Platform flexibility. In each LOC platform, osteocytes cultured on a collagen type I (CTI)-coated PDMS well are subjected to an altered load. In system (a), osteocyte CM is pumped
from this well to a well containing osteoclasts cultured on a bone wafer. Osteoclasts respond to the soluble signals from the CM and generate signals of their own. Double CM is pumped
from this well to a well containing osteoblasts cultured on a tissue culture (TC) treated polystyrene disc. Osteoblast bone formation in response to this double CM is quantified. In system
(b), the direct effects of stimulated osteocyte CM on net bone resorption/formation are quantified. Again, osteocytes are subjected to an altered load, this time in either the presence or
absence of GJIC. CM is pumped to two co-culture wells, one in which osteoblast communication is enabled and one in which it is inhibited. Bone resorption and formation are quantified.
System (c) is employed similarly. This platform design is developed to study the relay of damage signals from stimulated (loaded, unloaded, etc.) osteocytes to unstimulated osteocytes. In
this way, we can determine whether the directly stimulated osteocytes or those neighboring cells sensing damage signals carry most of the responsibility in mediating remodeling.
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supraphysiologic loading (19–34% strain) were generated by displacing
the platen by 3804 µm, 5720 µm and 7240 µm, respectively [40]. Via-
bility was quantified as a function of platen displacement with LDH
staining and image analysis. CM was collected for cytokine quantifi-
cation with ELISA or added to osteoblast cultures to quantify the effects
of mechanical stimulation of osteocytes on bone formation.

As mentioned, LDH activity was completed to quantify cellular ac-
tivity following loading. Osteocytes were washed with Hanks' Balanced
Salt Solution (HBSS), then incubated in a reaction solution containing
5% Polypep (Sigma-Aldrich) base solution, 2mM gly-gly (Sigma-
Aldrich), 1.75mg/ml nicotinamide adenine dinucleotide (NAD, Fluka),
60 mM lactic acid (Sigma-Aldrich), 3 mg/ml nitroblue tetrazolium
(Sigma-Aldrich) and HBSS at a pH of 8.0. Following 1 h of incubation,
cells were washed with distilled water and fixed in 4% paraformalde-
hyde overnight. Following fixation, cells were washed with distilled
water and mounted with an aqueous mounting solution (VECTASHI-
ELD®) and coverslips. Imaging and quantification followed.

ELISA panels (RayBiotech, Inc.) were used to analyze the con-
centration of soluble factors within CM after loading. Cytokine-specific
antibodies were bound to a glass slide and incubated with the CM to be
analyzed. To ensure specific detection, antibodies bound to biotin were
added to the CM to form cytokine-antibody-biotin complexes after in-
cubation. Streptavidin labeled with Cy3 was added in a third incuba-
tion. Cy3 was detected using a laser scanner and levels compared to
standards, allowing the detection and quantification of cytokines.
Sandwich ELISA panels were run three times in triplicate with medium
collected and averaged, generating amean response across all runs.

5.3.2. Remodeling tool
To demonstrate the strength of the platform in quantifying the net

result of bone's multicellular interactions, soluble effects of osteocyte
loading on osteoblast bone formation were measured. In these experi-
ments, CM generated following loading from physiologic (≤10%
strain) or physiologic/supraphysiologic (15–19% strain) conditions
were collected and used. During feedings, CM was introduced to os-
teoblast cultures as a 10% volume every three days in 50% volume
replacements. All CM was generated in the osteocyte loading studies
described above to verify initial consistency. Osteoblastic mineraliza-
tion was assessed at day 26 using alizarin red staining and extraction,
von Kossa staining and EDX. Following alizarin red staining, extraction
was performed by adding 50 μl/cm2 of 10% acetic acid to each well.
Plates were placed on a benchtop shaker and incubated at room tem-
perature overnight. Cells and stain were scraped from each well, pi-
petted into 1.5ml tubes and heated at 85 °C for 10min. Samples were
then transferred to ice for 5min and centrifuged at 18,000×g on a
tabletop microcentrifuge for 20min. Finally, the supernatant from each
sample was pipetted into a microplate in triplicate. Samples, standards
and blanks were read at 405 nm using a microplate reader; absorbance
values were converted to concentrations of alizarin red.

5.4. Design and fabrication of functional activity LOC

A mask was fabricated to accommodate three configurations of a
functional activity LOC: a single well, a three-well linear arrangement
and a three-well triangular arrangement (Fig. 3). The mask was de-
signed in AutoCad and fabricated using Prototherm 12120 high-re-
solution stereolithography in a 0.05mm build. A Plexiglass box with
leveling screws in a tripod configuration was machined in-house to hold
the mask (15.24 cm × 15.24 cm). PDMS was chosen as the material for
the LOCs. A 10:1 elastomer base to curing agent (Sylgard 184, Dow
Corning) ratio was used to make PDMS, which was vigorously mixed
and desiccated. PDMS was poured into the mold and cured for 48 h at
room temperature to make bases. Given the intended mechanical stu-
dies, well thicknesses of 0.5mm were selected to avoid tearing the
polymer upon loading [32]. TC treated polystyrene discs were inserted
into the LOC wells that were to contain osteoblasts and adhered to the

wells with uncured PDMS prior to sealing the chip with a PDMS lid.
Bone wafers were inserted into the LOC wells that were to contain os-
teoclasts; they were also adhered to the wells with PDMS. PDMS sheets,
or lids, ~4.0 mm thick were made as described above; access holes were
bored through the lids using a biopsy punch 1mm in diameter. The
PDMS bases and lids were plasma oxidized for 30 s using a medium RF
power setting (Plasma Cleaner, Harrick Plasma). One base and one lid
per LOC were fused and baked at 65 °C for 10min. Angled dispensing
tips (18 Gauge, 0.5 in, 90°) were inserted into access holes within the
lids, and epoxy stabilized the tips. They were then attached to silicone
tubing (1/32″ ID). At the opposite end of each tube, an 18 Gauge needle
and syringe were attached. The syringes were hooked up to a picopump
(Pico Plus, Harvard Apparatus) for administration of liquids at 2ml/h.
Sterile liquids were pumped into the wells and channels of the devices.
These included 70% ethanol, HBSS (for LOCs containing bone wafers)
and distilled water. Osteoblasts were seeded using the picopump onto
TC treated polystyrene discs and osteoclasts onto bone wafers within
wells of the LOCs. All cells were maintained within LOCs at 5% CO2 and
37 °C for appropriate lengths of time prior to analysis. Feedings were
administered every 3 days by use of the picopump. While some cells
grew within channels, this was curtailed by the geometry of the device.
Channels were small enough so that cells preferred to stay within wells,
where they could proliferate and spread appropriately. Additionally,
movement of cells from wells into channels was decreased by use of the
low flow rate—2ml/h—during feedings. For analysis, PDMS lids were
removed; as PDMS bonding is permanent, a scalpel was used to access
wells. Osteocytes were analyzed directly in the wells, while discs and
bone wafers were removed for osteoblast and osteoclast assays.

5.5. Verification of osteoblast bone formation in functional activity LOC

Preliminary characterizations were performed in TC treated 96-well
plates or polystyrene discs for confirmation of typical morphology,
osteoblast differentiation and mineralization. MC3T3-E1 preosteoblasts
(ATCC) were seeded at a density of 2500 cells/cm2 and grown to 100%
confluence in MEMα supplemented with 10% FBS and 1% penicillin/
streptomycin. Cells were maintained at 5% CO2 and 37 °C. Cells were
induced to differentiate into osteoblasts at 100% confluence with a
cocktail containing 50 µg/ml L-ascorbic acid and 10mM β-glycer-
ophosphate in culture medium. Cells were fed by 50% media replace-
ments every 3 days for 26 days. To verify osteoblastic morphology,
rhodamine phalloidin with DAPI staining was completed over the
course of the culture period, and SEM was completed using methods
previously described. At 26 days, bone formation was quantified with
alizarin red and von Kossa staining. Elemental composition was de-
termined by energy-dispersive X-ray spectroscopy (EDX). For alizarin
red staining, cells were formalin fixed, stained with alizarin red dye
solution for 30min, washed and imaged. Percent area covered by bone

Fig. 3. Mask used in fabricating functional activity LOC. PDMS is poured onto the mask
(left) and, upon curing, cut into chips containing different configurations of channels and
wells (right).
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formation was determined using NIH ImageJ. Additionally, con-
centration of alizarin red dye extracted was performed by adding 10%
acetic acid to culture wells and incubating overnight at room tem-
perature. Cells were scraped and heated at 85 °C for 10min prior to
centrifugation. Absorbance was measured at 405 nm using a microplate
and a standards range of 15.7 μM to 2mM. For von Kossa staining, cells
were fixed in 4% paraformaldehyde in PBS. A 5% silver nitrate solution
was added, and cells were exposed to UV light for up to 60min. Imaging
followed, and percent area covered by bone formation was determined
using ImageJ. For SEM/EDX, cells were fixed in a 2% glutaraldehyde,
2% paraformaldehyde solution in PBS for 15min and washed with PBS
and distilled water. Dehydration was performed over a period of
20min; cells were dehydrated in 25% ethanol increments until im-
mersed in 100% ethanol. Cells were critical point dried, sputter coated
and imaged using SEM. EDX was performed in conjunction with SEM
using Genesis software, EDAX. Sputter coating was not performed on
EDX samples. Within LOCs, MC3T3-E1 preosteoblasts were seeded onto
TC treated polystyrene discs (~5.4mm ϕ) at a higher density of
10,000 cells/cm2 to account for loss of cells within silicone tubing. Cells
were cultured as described above. Cells were induced to differentiate
and fed every 3 days by 100% media replacements for 49 days. Bone
formation was verified by alizarin red and von Kossa staining as de-
scribed above and quantified with ImageJ.

5.6. Verification of osteoclast bone resorption in functional activity LOC

Preliminary characterizations were performed on TC treated poly-
styrene or bovine bone wafers in 96-well plates for confirmation of
typical osteoclast morphology, osteoclast formation and bone resorp-
tion. RAW 264.7 preosteoclasts (ATCC) were seeded onto TC treated
polystyrene or bone wafers (~6mm ϕ) at a density of 1000 cells/well in
Dulbecco's modified eagle medium supplemented with 10% FBS and
1% penicillin/streptomycin. Cells were maintained at 5% CO2 and
37 °C. Cells were induced to differentiate into osteoclasts at 24 h with a
cocktail containing 120 ng/ml RANKL (R&D Systems) in culture
medium. Cells were fed by 50% induction medium replacements every
2 days for 4, 5, 10 or 20 days. To verify cell fusion, typical morphology
and tartrate-resistant acid phosphatase (TRAP) expression of cells cul-
tured on polystyrene, TRAP stains and activity assays were performed
at days 4, 5 and 10. Cells were fixed in 10% neutral buffered formalin
and incubated in a solution of 50% methanol and 50% acetone for
3min at room temperature. TRAP activity substrate (solution of sodium
acetate, sodium tartrate and para-nitrophenylphosphate) was added,
and cells were incubated at 5% CO2 and 37 °C for 1 h. Following in-
cubation, 100 μl of TRAP activity substrate from each sample were
mixed with 50 μl 1 M NaOH, and microplate readings were taken at
405 nm. For TRAP staining, a commercially-available kit, 387A (Sigma
Aldrich), was used. Cells were stained in a solution containing sodium
nitrite, fast garnet, napthol and tartrate and imaged. Bone resorption
was quantified with wafer pit staining at 20 days. Osteoclasts were
removed from the wafers by 30min of sonication and gentle cleaning
with a cotton swab. The wafers were submerged in a toluidine blue
solution for 2min and rinsed briefly with distilled water. Imaging and
determination of wafer area covered by resorption followed; quantifi-
cation was performed by use of ImageJ. SEM verified that wafer regions
stained with toluidine blue indicated functional resorption. Within
LOCs, RAW 264.7 preosteoclasts were seeded onto bone wafers at
higher densities—1500 cells/well and 56,000 cells/well—to account for
loss of cells within silicone tubing. They were cultured and induced to
undergo osteoclastogenesis as described above and fed by 100% in-
duction medium replacements every 3 days. Given results of pre-
liminary work (not shown) indicating that cells within LOCs take 50%
longer to resorb efficiently, osteoclasts were cultured for 30 days in
chips. Bone resorption was verified by toluidine blue staining and
quantified with ImageJ. A timeline summarizing cell culture of osteo-
clasts and osteoblasts with control and LOC conditions is given in Fig. 4.

5.7. Statistics

For characterizations and experiments, D′agostino and Pearson tests
were run to determine normality. Raw data were summarized by means
with standard errors of the means. Analysis of continuous data was
completed with ANOVA (parametric) or Mann Whitney U (nonpara-
metric) techniques. Post-hoc comparisons of specific groups were made
using the Tukey (parametric) or Bonferroni (nonparametric) methods.
All analyses were completed with Instat (GraphPad). Characterizations
and experiments were conducted a minimum of three times in tripli-
cate, except for osteocyte CM studies on osteoblast bone formation
given limited CM.

6. Results

6.1. Verification of osteocyte morphology and phenotype on PDMS in
mechanically loadable LOC

Given that little work has been completed quantifying the effects of
PDMS on osteocyte function, we completed comprehensive character-
ization studies. We have previously demonstrated that growth and
proliferation on CTI-coated PDMS is not significantly different from that
on CTI-coated glass [38]. As shown in Fig. 5, MLO-Y4 osteocytes on
CTI-coated PDMS display the anticipated dendritic morphology. Rho-
damine phalloidin and DAPI stains (Fig. 5a) reveal extensive cytoske-
letal arrangement of actin filaments, and SEM imaging (Fig. 5b) shows
that, by 72 h in culture, characteristic osteocyte morphology is ob-
served. This correlates with the observation that coating and time in
culture are required for MLO-Y4 cells to take on the osteocyte mor-
phology. We have found this consistently occurs by 72 h; thus, osteo-
cytes are plated a minimum of 72 h prior to experimentation. Im-
munocytochemistry (Fig. 5c) further corroborates the presence of
known proteins critical to osteocyte function, including Dkk-1, RANKL
and Cx43.

6.2. Use of mechanically loadable LOC

6.2.1. Mechanotransduction tool
Mechanotransduction studies employed a loading device and cell

tracking system. A sketch of the loading platform fabricated in-house is
shown in Fig. 6a and has been previously described and characterized
[39]. Briefly, the microactuator raises a plunger that applies out-of-
plane distention to the PDMS well (shown here with a single-well chip).
A tracking system was developed and validated and enables cell strains
(substrate strains) to be quantified as functions of grid location and
actuator displacement (data not shown). To track positional reference,
an alphanumeric grid was incorporated into the osteocyte PDMS well.
Following characterization, actuator displacements generating physio-
logic (≤10% strain), physiologic/suparphysiologic (15–19% strain)
and supraphysiologic (19–34% strain) loads were determined and used
for all subsequent studies [40].

For viability assessment, LDH was quantified in osteocytes subjected
to 15min of physiologic, physiologic/supraphysiologic or supraphy-
siologic loading in intact and inhibited GJIC environments. As shown in
Fig. 6b, 15 min of physiologic/supraphysiologic loading decreased cell
activity by 14% over physiologic stimulation, and 15min of supra-
physiologic loading decreased cell activity by 21% over physiologic
stimulation. Interpreting the supraphysiologic loading as essentially
inductive to death, further work with this load was not pursued. Results
demonstrate that the platform can be used to quantify the behavior of a
single cell type as a function of load, not unlike standard mechan-
otransduction models. Further, they reinforce the importance of a role
for GJIC in the osteocytes’ response to mechanical loading, and they
illustrate that short-term loading can be effectively administered in the
chip.

Using ELISA cytokine panels, we identified over 40 cytokines that
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were altered under short-term osteocyte loading. Although not an ex-
haustive list, several of the factors are identified in Fig. 6c, and some
offer novel targets for further study. As shown in the color map, green
colors indicate a percent increase, and red colors represent a percent
decrease over unloaded controls. Percent changes were calculated from
three readings, each of which was pooled from three identical treatment
wells. Neural cell adhesion molecule 1 (NCAM-1), secreted frizzled
related protein 3 (SFRP-3), decorin, ciliary neurotrophic factor (CNTF),
serum amyloid A (SAA) and interleukin 1-receptor 3 (IL-1r3) were
elevated by short-term physiologic loading. These findings were con-
sistent with observations in previous studies. For example, NCAM-1
potentially curtails bone matrix formation, while SFRP-3 is a negative
regulator of Wnt, and CNTF regulates trabecular and cortical bone in a
sex-dependent manner [1,10,16]. Decorin is known to modulate col-
lagen fibril formation, and SAA inhibits RANKL-induced osteoclast

formation [2,25]. Cytokine decrease under physiologic load was ob-
served with macrophage migratory inhibiting factor (MIF) and extra-
cellular matrix metalloproteinase inducer (EMMPRIN). MIF is asso-
ciated with bone loss in osteoporotic women, and EMMPRIN has been
proposed to be involved in collagen breakdown and bone resorption
[20,35]. The identification of remodeling-related cytokines is consistent
with our findings that short-term physiologic stimulation increased
bone formation, while physiologic/supraphysiologic stimulation asso-
ciated with damage reduced formation. These cytokines offer many
opportunities for further study using the LOC.

6.2.2. Remodeling tool
Preliminary quantification of bone formation as a function of os-

teocyte loading was completed using the remaining CM from the ex-
periments summarized in Fig. 6. Studies were completed on confluent

Fig. 4. Cell culture timeline providing seeding densities, substrates, differentiation inductions, feedings and functional activity assessments for control and LOC conditions.

Fig. 5. Osteocyte characterization. a) Rhodamine phalloidin staining of MLO-Y4 osteocytes. b) SEM image showing typical MLO-Y4 osteocytes with dendritic processes. c)
Immunocytochemistry staining of osteocyte proteins, Dkk-1, RANKL and the gap junction protein, Cx43.
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osteoblasts induced to differentiate; alizarin red and von Kossa stains
are presented in Fig. 7a. In comparison to physiologically/supraphy-
siologically stimulated osteocytes, CM from physiologically stimulated
osteocytes resulted in an increase in bone formation of 18% as indicated
by alizarin red stain (Fig. 7b), 21% as indicated by von Kossa stain
(Fig. 7c) and 36% as indicated by alizarin red extraction (Fid. 7d)
(mean 25%). Given a small sample size (n= 3 or 6), rigorous statistics
were not completed. Consistent with our independent classification of
loading effects on osteocyte activity, however, physiologic loads that
increased osteocyte activity had the expected effects of increasing os-
teoblast activity and bone formation. Similarly, physiologic/supraphy-
siologic loads that decreased osteocyte activity and incorporated
overload as determined by LDH staining had the effects of decreasing
osteoblast activity and bone formation.

6.3. Design and fabrication of functional activity LOC

The mask, Plexiglass box and PDMS platform used in fabrication of
the functional activity LOC are illustrated in Fig. 8. The mask contained
three different well configurations (Fig. 8a). The box (Fig. 8b) was
equipped with leveling screws in a tripod configuration to ensure the
mask remained level at all times and that a uniform well thickness of
0.5 mm was reproducible. The PDMS platform is shown with channel-
connected wells prior to the addition of cells. Wells are 6mm in dia-
meter to accommodate commercial substrates. Channel widths and
heights are 300 µm and 400 µm, respectively (Fig. 8c-d). Fig. 8e depicts
MLO-Y4 osteocytes cultured in the LOC at 72 h. in Fig. 8f, a LOC

containing cell culture medium is shown to demonstrate adequate
filling. Evaporation studies (not shown) revealed that daily evaporation
did not exceed 3%. Therefore, evaporation is not a concern given
feedings will occur every 3 days.

6.4. Verification of osteoblast bone formation in functional activity LOC

MC3T3-E1 cells induced to differentiate formed bone on TC treated
plates and polystyrene discs as well as on polystyrene discs within
LOCs. Except with regard to the 16-day time point, concentrations of
alizarin red extracted from TC treated plates at each time point (days 1,
2, 4 and 8 post-induction) were significant compared to the con-
centration at day 26 (2826 µM). Rhodamine phalloidin and DAPI
staining (Fig. 9a) show confluent monolayers as well as typical osteo-
blast proliferation and morphology on plates at days 1, 2 and 16. SEM
imaging (Fig. 9b) further confirms expected morphology and mono-
layer formation. Mineralization in LOCs (Fig. 9c) at day 49 is indicated
by alizarin red, which stains calcium (top), and von Kossa, which stains
phosphate (bottom). A direct comparison of surface area covered
(Fig. 9d) revealed there was no significant difference in areas covered
by calcium and phosphate (p-value: 0.1186). Percentages averaged
10.72% and 6.43%, respectively. EDX (Fig. 9e) revealed that nodule
formation on TC treated polystyrene discs contained the expected Ca/P
ratio of 1.7, indicating a strong correlation to native bone content [37].
No bone formation was observed in any of the non-induced cultures.

Fig. 6. Development of microloading platform and osteocyte stimulation. a) Microloading platform developed in house for mechanical tenting of osteocytes to reproducible strain levels,
PDMS well design with tracking grid and SEM of osteocytes seeded on PDMS well with tracking grid. b) LDH quantification of cell activity as a function of load type (top). A physiologic
load induced significantly greater LDH activity than did physiologic/supraphysiologic or supraphysiologic loads. A physiologic/supraphysiologic load induced significantly greater LDH
activity than did a supraphysiologic load. Scale bars represent standard errors of the means. c) CM cytokine activity showing expression (relative to unloaded controls) of biomarkers
related to remodeling. Several apoptosis-related markers were also identified for further study. Values represent means of three samples in triplicate.
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6.5. Verification of osteoclast bone resorption in functional activity LOC

As shown in Fig. 10, RAW 264.7 cells undergo osteoclastogenesis by
4 days post-induction (Fig. 10a). TRAP activity was decreased by 46%
between days 4 and 5 and by 63% between days 4 and 10. Therefore, it
was determined that TRAP production was optimal at day 4 (Fig. 10c).
SEM verified formation of resorption pits on bone wafers by 20 days in
TC treated plates (Fig. 10b). Quantification of bone resorption via pit
staining with toluidine blue was completed following 20 days of culture
within plates and following 30 days of culture within LOCs (Fig. 10d).
The percentages of area resorbed by osteoclasts seeded within LOCs at
1500 cells/well and at 56,000 cells/well after 30 days were not

significantly different from the percentage of area resorbed by osteo-
clasts seeded at 1000 cells/well after 20 days.

7. Discussion

We advocate for the development of LOC bone remodeling plat-
forms. These systems have the potential to systematically elucidate
complex multicellular interactions in highly controlled and re-
producible environments. As a proof of concept, we developed LOC
platforms and verified that osteocytes, osteoblasts and osteoclasts were
not functionally altered. Specifically, we demonstrated that osteoblasts
form bone and osteoclasts resorb bone reproducibly in our model. We

Fig. 7. Bone formation as a function of osteocyte loading. a) CM from physiologic loading induced increased bone formation (left) by osteoblastic cells in comparison to CM from
physiologic/supraphysiologic loading (right). Alizarin red and von Kossa stains were performed for each plate corresponding to both loading conditions. Scale bars on the alizarin red
(top) and von Kossa (bottom) images measure 500 µm and 200 µm, respectively. b, c,d) For physiologic studies, alizarin red extraction showed a 36% increase in dye concentration
compared to physiologic/supraphysiologic studies, and percent area increases were 18% as indicated by alizarin red stains and 21% as indicated by von Kossa stains. Here, a sample size
of at least 3 is represented.

Fig. 8. Development of the LOC. LOC platforms are fabricated using a Prototherm 12120 mask (a) and pouring PDMS onto the mask placed in a Plexiglass box (b). The box enables well
thicknesses to be adjusted and contains leveling screws in a tripod configuration to maintain alignment. The finished LOC houses channels 300 µm wide and 400 µm in height and wells
6 mm in diameter and 1mm in height. (c, d). MLO-Y4 osteocytes are imaged within the LOC after 72 h in culture (e). Using a syringe, a picopump administers cell culture medium to
microchannels and wells of a chip (f).
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Fig. 9. Osteoblast Characterization. a) Rhodamine phalloidin images showing typical MC3T3-E1 cells in culture at days 1, 2 and 16 post-induction. b) SEM showing typical MC3T3-E1
cells in culture. c) TC treated wells at 26 days (left) and polystyrene discs from LOC at 49 days (right) post-induction and stained with alizarin red (top) and von Kossa (bottom). Discs
measure approximately 5.4mm in diameter. d) Percentages of disc area covered by alizarin red and von Kossa stains. Error bars represent standard errors of the means. e) Typical EDX of
osteoblastic bone nodules in plates at 26 days from uninduced controls (top) and induced MC3T3-E1 cells (bottom), establishing baseline composition. Induced samples showed a 12-fold
increase in calcium (Ca) and a 7-fold increase in phosphorous (P) over uninduced samples (Ca/P= 1.7).

Fig. 10. Osteoclast Characterization. a) Phase image of RAW 264.7 cell 4 days post-induction on TC treated plate. b) SEM image of osteoclastic resorption on surface of bone wafer at 20
days (cells seeded at 1000 cells/well). c) Typical TRAP stains on TC treated polystyrene with activity quantification. d) Typical bone wafers showing pit staining at 20 days within 96-well
plates and at 30 days of culture in LOC. Average resorption as determined by toluidine blue surface area staining was 24.9%, 30.4% and 28.7% for cells seeded at 1000 cells/well and
cultured for 20 days, 1500 cells/well and cultured for 30 days and 56,000 cells/well and cultured for 30 days, respectively. Bone wafers measure approximately 6mm in diameter. Error
bars represent standard errors of the means.
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subjected osteocytes to a brief bout of mechanical stimulation (15min)
at normal and elevated mechanical levels. Soluble factors were then
assessed for their effects on bone formation. Supporting data have been
included to demonstrate use of these LOCs under a sampling of en-
vironmental conditions. The goal is not to demonstrate that each
treatment has a statistically significant effect, but that the effects are
quantifiable. We believe that it is the totality of the multicellular in-
teractions that needs to be modeled and will provide critical insights
into remodeling. These interactions have yet to be incorporated into
complex in vitro models—this is the immediate focus of our work.
Whereas typical mechanotransduction research incorporates cell sti-
mulation and marker activity, it is completed in isolation of the other
cell types. The effects of differential activity on the other cell types and
the expression of initial markers are not represented. Ultimately, these
interactions provide a feedback system that is critical to incorporate in
bone remodeling systems.

We plan to use our platforms to study certain pathologic conditions,
such as fracture and osteonecrosis of the jaw. More specifically, we are
interested in the effects of excessive mechanical load and bone de-
formation on bone cell mechanotransduction and functional activity. It
is for this reason we have chosen to develop a mechanically loadable
LOC with the capacity to reproducibly deform our PDMS substrates. It is
worthy to note that out-of-plane distention is a complex load that in-
tegrates a primary distention load and a secondary fluid shear given
that cells are submersed in medium. Importantly, strains applied to
whole bone result in considerably greater microscopic strains around
the osteocyte lacunae [26,36]. In fact, Nicolella et al. state that peri-
lacunar strains may be more than an order of magnitude greater than
the strains experienced by the bone tissue at the macroscopic level [26].
Because high tissue strain magnitudes of ≥5% are implicated in pa-
thologic bone conditions [43], we’ve enabled our platform to deform
substrates to much higher levels. To that end, we have begun design of
an automated multilayer LOC with the ability to cyclically shear os-
teocytes and deliver resulting soluble factors to osteoblasts and osteo-
clasts within the same device. In this way, we plan to study bone re-
modeling-related disorders associated with fluid flow-induced shear
stress.

Given that fabrication techniques and proof of concept have been
established, we are currently working to enhance physiological re-
levance and ease of use. For example, osteoblasts condition their en-
vironment and respond to autocrine/paracrine signals. Parallel ex-
periments with MC3T3-E1 cells cultured on TC treated plates and
within unlidded LOCs incorporated 50% media replacements during
feedings. These cells formed significantly more bone than did cells
within lidded LOCs. As such, modifications to the LOC design will be

made to allow for 50% media replacements in future work.
Additionally, automated feedings by use of pumps will minimize human
involvement and enhance reproducibility. Side channels will be in-
corporated for appropriate cell seeding and to prevent cells from
growing within main channels. Valves will be implemented to allow the
flow of CM among wells and transmission of signals only when cells
have been cultured and treated/induced for sufficient lengths of time.
Upcoming work will incorporate co-cultures currently being established
in our lab for bidirectional signaling, inhibited GJIC in osteoblast in
addition to osteocyte networks and 3D osteocyte matrices for increased
physiological relevance. In these ways, the redesign of our platforms
will enhance both ease of use and reproducibility and strengthen bio-
logical validity.

Bone remodeling is an elegantly orchestrated process between bone
cells. While much is currently known about the basic functions of the
individual cell types, there is still much to understand of the process as
a whole. For instance, with the help of macrophage-colony stimulating
factor (MCSF-1) and RANKL, osteoclasts are able to adhere to the bone
surface and resorb bone by creating an acidic microenvironment un-
derneath the cell surface delineated from the extracellular environment
via a sealing zone. Following the cessation of bone resorption, the bone
formation phase ensues. The period between the cessation of osteoclast
resorption and the initiation of osteoblast formation is known as the
reversal phase—little is understood about this process. Currently, the
reversal phase is assumed to last on the order of five weeks. That is, on
average, there are five weeks between the time the last osteoclast leaves
the bone surface and the first osteoblast appears [33]. As such, there is
speculation as to what draws the osteoblasts to the surface and signals
bone formation. Factors that have been implicated in this process in-
clude those secreted by the osteoclast—membrane-bound and matrix-
derived factors. However, given the time involved, these factors, at
most, are expected to act on osteoblast precursors. The remodeling
canopy, previously discussed in Fig. 1, has been proposed as a possible
physical barrier to isolate and retain the necessary coupling factors
during the reversal phase. And, the osteocyte may do more than initiate
remodeling, playing a key role in directing subsequent bone formation.
Issues exist with these speculations. For example, ephrin is a mem-
brane-bone factor proposed to mediate communication and coupling
between osteoclasts and osteoblasts in a contact-dependent manner.
Given that these cells are not on the bone surface at the same time,
ephrin relevance has been called into question. However, research has
suggested ephrin/eph binding from osteoclasts (ephrin) to osteoblasts
(eph) drives new bone formation, while eph/ephrin binding from os-
teoblasts (eph) to osteoclasts (ephrin) ceases bone resorption simulta-
neously. However, the idea of bidirectional signaling is still in its

Fig. 11. Graphic depicting the potential of a remodeling LOC to facilitate exploration in the bone field.
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infancy. Further, the concept of canopy formation, while attractive, has
not been observed in murine models, where much study of bone turn-
over takes place.

Cutting edge research is leading to the development of organs-on-a-
chip, or organoids, that integrate microfluidic components on a single
platform to recapitulate in vivo function. This effort has led to organ
modeling of lung, kidney, blood and cancer, to name a few [22].
Augmentation of these systems is theoretically feasible, resulting in the
human-on-a-chip model. However, bone is conspicuously absent from
this work—we believe this is an oversight that needs corrected. A re-
modeling LOC that accurately recapitulates the in vivo function of bone
offers tremendous opportunities for discovery and use in the bone field.
These discoveries could apply to conditions and diseases, such as
fracture healing, distraction osteogenesis, osteoporosis, osteopetrosis,
bone metastasis, osteolysis and osteonecrosis of the joints. The in-
troduction of implant debris into the system could enable the systematic
study of particulate material, size and shape on bone cell activity in
isolation and combination. Use of the chip in microgravity could pro-
vide a powerful model to systematically study the effects of weight-
lessness and unloading on bone. Earth-based studies could be com-
pleted on individual cell types using a Synthecon bioreactor, while use
of the chip on the International Space Station could provide the com-
bined interactions in microgravity. And, use of the platform in space
could reduce payload by lessening and possibly eliminating the need for
animal models. Commercialization could lead to a point-of-care device
to test osteoporosis drug efficacy and investigational new drugs (INDs)
for quantifying unintended side effects on bone activity (Fig. 11). In
conclusion, work that may be carried out in this platform is compulsory
to advancing the technology and exploiting avenues for potential dis-
coveries in the bone field.
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