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ABSTRACT: Although osteocytes are known to play a key role in skeletal 8D osteocyte nstworkin collagen

mechanoadaptation, few in vitro models have investigated how pulsatile w .. ::::E
mechanical stimuli influence the properties of three-dimensional (3D) osteocyte ﬁ .
networks. Here, we design and develop a microfluidic-based in vitro model to Sl &

study 3D osteocyte networks cultured under Pulsatile Unidirectional Fluid Flow iy
Stimuli (PUFFS). Digital light projection stereolithography was used to design and f'jl W\MMMWWWWMl@
fabricate a three-chambered polydimethylsiloxane (PDMS) microfluidic chip. © 502'5’9”0””9
Model osteocytes (murine MLO-Y4) were encapsulated in the collagen matrix

within the chip to form self-assembled three-dimensional (3D) cell networks. Daily stimulus in the form of PUFFS was then applied
for up to 21 days. A combination of experiments, computational simulation, and analytical modeling was used to characterize the
mechanical environment experienced by embedded cells during PUFFES. Viability, morphology, cell-connectivity, expression of key
proteins, gene expression, and real-time calcium signaling within 3D osteocyte networks were characterized at select time points and
compared to static conditions. Results show that PUFFES stimulation at 0.33 and 1.66 Hz can initiate mechanotransduction via
calcium signals that are propagated across the network of collagen-encapsulated osteocytes via the Cx43 junctions. Furthermore,
osteocytes cultured in these devices maintain expression of several key osteocyte genes for up to 21 days. Taken together, this model
can potentially serve as a testbed to study how 3D osteocyte networks respond to dynamic mechanical stimulation relevant to
skeletal tissues.
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B INTRODUCTION in the system to identical and simultaneous stimuli.*"~** More
sophisticated tools such as nanoindentation can stimulate
individual osteocytes within patterned 2D networks® >’ yet
this does not consider the 3D microenvironment. Transwell
models and microfluidic devices®®™** have been used to study
paracrine signaling in a coculture setup; however, applying
regionally confined mechanical stimulation, especially during
long-term cultures, remains challenging. Pseudo-3D network
models have also been developed by culturing osteocytes on the
surfaces of 3D microbeads™ or embedding cells within
mineralized 3D constructs to mimic in vivo microenvironmental
conditions;** however, their opacity precludes real-time visual-
ization of signaling behavior. As a result, cells encapsulated
within collagen continue to be the gold standard for studying
real-time signaling within 3D osteocyte networks.*’~*’ How-
ever, new models need to be developed that allow (i) 3D
osteocyte culture, (ii) application of defined mechanical stimuli,

Osteocytes are the primary mechanosensory cells within bone
tissue. Mechanical loading creates an interstitial fluid flow that
induces dynamic signaling across three-dimensional (3D)
networks of interconnected osteocytes. In turn, these signals
spatially coordinate osteoblastic bone deposition and osteo-
clastic resorption at the bone surface via paracrine and juxtacrine
factors.' ™ Mechanical stimulation is necessary for osteocyte
function,'’ and disruption of their mechanotransduction is
implicated in many skeletal disorders."'™'® Contemporary in
vivo and ex vivo models have yet to reveal the mechanisms that
propagate short-term signals such as calcium across 3D
networks, which modulate long-term remodeling re-
sponses.''~>* This is largely due to the dependence on live
animals or human explant tissue,>> > which requires expensive
and complicated experimental apparatus’ >’ with low
throughput, poor reproducibility, and superficial depth of
observation.

To address these challenges, many complementary in vitro
models have been developed, although most studies continue to
rely on simpler two-dimensional (2D) designs that do not
replicate the complex 3D architecture and dynamic signaling of
osteocyte networks in vivo. For example, bulk stimulation of
osteocyte monolayers via flow chambers subjects nearly all cells
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Figure 1. (A) Fabrication process flow to develop PDMS microfluidic chips with an MLO-Y4-laden collagen barrier in Ch#2. (B) Representative
picture of a three-chambered chip showing three inlet—outlet pairs. (i), (ii) Pictures show relevant dimensions of chambers 1, 2, and 3 (Ch#1, #2, #3).
Ch#2 house MLO-Y4 + collagen gel. For a dynamic culture, PUFFS are applied in Ch#3 with a static media culture in Ch#1. For static culture, media

are present in both Ch#1 and Ch#3.

(iii) longitudinal study of real-time signal propagation between
interconnected cells, and (iv) long-term changes in osteocyte
morphology, viability, proliferation, and gene expression.

In this work, we report on the design, development, and
characterization of a new experimental model that combines
each of these features in a microfluidic platform. This model uses
osteocytic MLO-Y4 cells suspended in a 3D collagen
extracellular matrix. Within this matrix, individual osteocytes
self-assemble into networks of interconnected cells that
propagate signals via gap junctions and other mechanisms and
maintain this organization for at least 3 weeks. The three-
channel design of our microfluidic system affords high-
resolution live cell imaging of Ca®" signaling dynamics and
potentially other signals with appropriate reporters and is
amenable to subsequent immunofluorescence studies of fixed
devices to examine cell morphology and protein expression. We
developed an apparatus to apply Pulsed Unidirectional Fluid
Flow Stimuli (PUFFS) to simultaneously apply physiological
levels of both fluid-shear stimulation (modeling the interstitial
fluid flow induced upon bone loading) and cyclic compression—
relaxation of the extracellular matrix (modeling cellular
responses to matrix deformation) that occur during loading.
The PUFFES apparatus is compatible with fluorescence
microscopy, enabling the real-time visualization of Ca* signal
initiation and propagation across the network of interconnected
osteocytes upon stimulation. Using a combination of empirical
experiments and in silico modeling and simulation approaches,
we characterized the mechanical microenvironment experienced
by osteocytes in 3D networks during PUFFS. Lastly, we
demonstrate that PUFFS can be applied to the 3D osteocyte
networks for at least 21 days, allowing long-term assessment of
changes in cell viability, morphology, gene expression, and real-
time signaling dynamics in response to stimulation.

B RESULTS AND DISCUSSION

Design and Fabrication of Multichambered Micro-
fluidic Chips. For a long-term culture of 3D osteocyte
networks, we designed and developed three-chambered micro-
fluidic chips in PDMS (Figure 1A). Briefly, digital light
projection (DLP) stereolithography was used to print a negative
master mold using polyethylene glycol diacrylate (PEGDA)
resin, followed by replica-casting using PDMS and irreversibly
bonding the PDMS molds to glass coverslips (22 mm X 22 mm,
Figure 1B); the details of this process are explained in the
Materials and Methods section. The final devices consist of three
chambers with inlet and outlet ports (2 mm diameter) and a
central chamber (850 ym wide, to house osteocyte-laden
collagen) flanked on either side by two chambers (~500 pm
wide, for PUFFS and media exchange), separated by an array of
posts with an interpost gap of 65 ym (Figure 1Bi). The height of
all the chambers within the chip was 250 ym. Post fabrication,
the chips were surface-coated with polydopamine (PDA), and
MLO-Y4s in type I collagen (2.5 mg/mL)°" at a final
concentration of 1 X 10° cells/mL were thermally cross-linked
(37 °C, 30 min) within the central chamber of the chip (Ch#2).
The post array prevents leakage of cell solution into side
chambers during the gelation of collagen in chamber 2. For
dynamic conditions, PUFFS (0.33, 15 min/daily; from Day 3 to
21) were applied to chamber 3 (Ch#3) of the chips, while for
static conditions, no stimuli were applied (Figure 1Bii).

Setup Design, Development, and Optimization for
PUFFS. To generate cyclic mechanical stimuli, we designed a
new experimental setup that includes a peristaltic pump, a
controller, and connector tubings to generate pulsed unidirec-
tional fluid flow stimuli or PUFFS applied at a frequency setting
0f 0.33 Hz (or 1.66 Hz) in chamber #3 of the microfluidic chips.
A pump pressure of 30 kPa results in a velocity of 0.018 m/s in
chamber #3 of the chip; these experimental conditions do not
cause any disruptions to the cross-linked collagen barrier for the
duration of the study. Figure 2A shows the setup used to apply
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Figure 2. (A) Picture of the setup showing parallel application of PUFFES to 3 chips. (B) Device stabilizer (shown in green) fitted onto the microscope
stage holds the chips and enables reproducible collection of real-time calcium signaling data during the application of PUFFS in Ch#3; (i—iii) various
views of the assembly of the chip within the stabilizer. (C) Schematic showing the cross-sectional view of the chip; (i—iii) changes in single-cell calcium

signaling during PUFFS under different setup configurations.
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Figure 3. (A (i), (ii)) Fluorescence images showing the movement of bead-laden collagen during PUFFS. (A (iii)) Vector map superimposed on a
bright-field image showing the magnitude of bead displacement. (Bi) Simplified geometry of the chip, (B (ii)—(iv)) Elastic modeling of collagen
between two adjacent posts. (B (v)) Velocity distribution within collagen during PUFES. Scale bar = 100 ym.

PUFES to 3 independent chips. Next, we tested the ability of this
setup to reliably capture calcium responses of 3D osteocyte
culture during PUFFS. After gelation of MLO-Y4-laden collagen
in chamber 2 of the chips, Fluo-4 AM calcium dye was incubated
and washed, and PUFFS were applied in Ch#3 for 60 s. The first
setup coined as “open-loop” involved an unidirectional flow with
the outlet tubing being open. Representative plots of calcium
signaling in individual MLO-Y4s during PUFFS showed an
unstable profile; this is potentially due to the negative pressure
and associated flow fluctuations due to backflows (Figure 2Ci).
During open-loop perfusion experiments, the inlet port of
chamber 3 is connected to a tubing, while the outlet port is
exposed to atmospheric conditions. Due to this, media continue
to accumulate near the outlet port, and this results in sinusoidal
wave-like fluctuations even after addition of a stabilizer (Figure
2Cii). To improve this setup, we tested a “closed-loop” setup,
where both inlet and outlet tubings were used to generate a

recycled unidirectional flow. This resulted in more stable signals,
but slight movement of the chip during the application of
PUFEFS caused fluctuations in the signal. To further improve the
reproducibility of signals, a stabilizer was designed and 3D-
printed to mitigate unwarranted movement from the connected
chips during imaging; details of the stabilizer are provided in
Figures 2B and S1. Since the use of the stabilizer and running
PUFEFS under closed-loop conditions provided reproducible
calcium signal recordings, this setup was used for all experiments
in this work. We do not anticipate that recycling media will
introduce any biochemical artifacts, as the duration of PUFEFS is
short (15 min every 24 h), and the media are changed after each
PUFFS experiment for the entire duration of the experiment (21
days).

Characterization of the Mechanical Microenviron-
ment Experienced by Cells during PUFFS. Before the
biological characterization of osteocyte-laden collagen, it was
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Figure 4. (A) Schematic of the top view and cross-sectional view of the chip. (B) Cell viability as a function of culture duration under static and
dynamic (PUFFS, 0.33 Hz) conditions. (C) Representative fluorescence microscopy images captured from chamber 2 showing live (green) and dead

(red) cells. Scale bar = 50 um.

important to understand the stresses experienced within the
collagen gel during PUFEFS. For the collagen concentration used
in this work (2.5 mg/mL), the storage and loss moduli were
calculated as 159 =+ 33.51 and 53.33 + 9.6 Pa, respectively
(Figure S2). To characterize the stress and velocity profiles in
cross-linked collagen when subjected to PUFFS, we used a
combination of experiments, simulation, and modeling. First,
collagen solution (2.5 mg/mL) was mixed with fluorescent
beads (1 ym diameter) and cross-linked within chamber #2 of
the chip. Upon application of PUFFS (0.33 Hz), the collagen gel
compresses and relaxes with each fluid flow pulse (Figure 3Ai,ii
and Movie S1). Although beads encapsulated within collagen
aggregate into clusters (~25 um), their displacements in various
regions within collagen was used to generate a vector field map;
here the length of the blue arrow indicated the magnitude of
displacement (Figure 3Aiii). Results show a bead displacement
of 46.8 um in the collagen subregion that is proximal to PUFFS
and 32.5 um in those that are distal to PUFFS. Based on chip
dimensions, we calculated a maximum shear stress of 56.17 kPa
at the collagen surface (interface of Ch#2 and Ch#3). To
calculate the stress within collagen located in chamber 2 (Ch#2),
we developed an elasticity model (Figure 2Bi)ii), where we
approximate the shear stress as normal loading (p, in Figure 3Ci
acting perpendicular to the collagen surface in Ch#3). This
approximation is motivated by the observation that the
measured displacement in the collagen layer is predominantly
in the direction normal to the interface. In this model, we assume
the collagen layer to be purely elastic, and normal loading
between two adjacent posts with the layer thickness (2 h)
represents the width of collagen in chamber 2. Figure 3Biii
shows the distribution of compressive stress in collagen (0,,)
during PUFEFS. Note that, during PUFFS, the stress is maximum
in chamber 3 (collagen region between two adjacent micro-
posts), reaching a value of 1 (blue color in Figure 3Cii), while
regions behind the posts remain relatively stress-free (marked by
the red color in Figure 3Cii). This is the reason we choose to

analyze only the calcium signaling of MLO-Y4s located between
the posts in this study—the region that experiences stresses
during PUFEFS. Three cross sections marked by red dashed lines
in Figure 3Bii were used to assess how the compressive stress
(oyy) varies in collagen subregions proximal, central, and distal
to PUFFS. Taking the highest value of $6.17 kPa (p.)
experienced by the collagen at the interface of Ch#3 and
Ch#2, subregions proximal to PUFFS (0—285 um) will
experience a stress range of 56.17—45.16 kPa, the central
subregion (286—570 um) will experience a stress range of
45.16—22.47 kPa, while the distal subregion (571—855 ym) will
experience a stress range of 22.47—11.23 kPa (Figure 3Biv).
Lastly, to simulate the velocity distribution within the collagen
gel during PUFFS, we developed an Eulerian viscous two-phase
model, treating water as the primary phase (Ch no. 3) and the
collagen gel as the secondary phase (Ch#2; Figure 3Bv). The
velocity contour plot in the collagen bulk reveals a high-velocity
region at the collagen interface between Ch#3 and Ch#2 and at
the edges of the posts and a decline in velocity within the bulk
(Ch#2) due to collagen’s viscous resistance. By comparing the
experimentally measured bead velocities at specific points within
the collagen to the simulated values, we identified correction
factors that aligned the numerical predictions with the
experimental data, thereby validating our simulation model.
Results show that the spatial demarcations of the simulated flow
barriers in the collagen (Ch#2) match well with the
experimental trends. Details related to experimental calcu-
lations, analytical modeling, and simulations can be found in the
Supporting Section (Figures S3—S9 and Table S1).

Viability, Morphology, and Connectivity of 3D
Osteocyte Networks Subjected to PUFFS. Chips with
MLO-Y4 osteocytes encapsulated within collagen were
subjected to PUFFS, and their viability was assessed using a
live and dead staining assay (Figure 4A). Results show a decrease
in viability for both static (no PUFFS applied) and dynamic
(PUFFS applied from Day 3 to 21, 0.33 Hz) conditions. For
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Connectivity index on Days 3, 7, and 21. Scale bar = 50 pm. *** p < 0.0010.

instance, Figure 4B shows that viability decreased from 0.94 +
0.034 on Day 3 to 0.81 + 0.098 on Day 7 to 0.69 = 0.065 by Day
21 under static conditions. Under dynamic conditions, viability
decreased from 0.93 + 0.016 on Day 3 to 0.88 + 0.018 on Day 7
to 0.81 + 0.086 by Day 21. We interpret the gradual decline in
viability, more specifically a gradual accumulation of the
proportion of cells staining with propidium iodide, to be the
result of gradual but normal otherwise cell death, resulting in the
accumulation of the nuclear material that is “trapped” in the
collagen hydrogel, not rapidly cleared by degradation or immune
cell activity. At least 3 independent chips (samples) were used
for this study, and images were taken from the entire region in
chamber #2.

MLO-Y4 morphology was assessed by staining cells for the
nucleus (blue) and f-actin (green; Figure SA—D). Since the total
height of the collagen was ~250 ym, we took images at different
z-depths from the bottom glass slide. Images taken from ~70 pm
from the bottom were denoted by (i) in Figure SA—D, and
images taken from a z-plane close to the top PDMS surface
(~200 pm from the bottom) were denoted by (ii) in Figure SA—
D. On Day 3, we observed many cells on the bottom, some cells
in the middle section (i), but no cells in the top plane (ii). This is
reasoned to be the result of the gravity-induced setting of cells
during collagen gelation. With longer culture durations, gradual
expansion of cell number allowed the cells to populate the entire

depth of the collagen with highly spread-out cells in all planes on
Day 21, achieving a density exceeding that reported in the
lamellar bone formed during endochondral fracture repair in
rats.”” Cell nuclei from captured images and from three
independent chips were used to calculate the number of cells
per unit area (Figure SD). Results show an increase in cell
number with culture duration under both static and dynamic
conditions. Under static conditions, cell number increased from
139 + 92 (Day 3) to 591 + 102 (Day 7) to 2482 + 596 (Day
21), while under PUFFS conditions, cell number increased from
211 + 3 (Day 3) to 587 + 352 (Day 7) to 2743 + 848 (Day 21).
We found it challenging to identify connections between cells
encapsulated within a 3D collagen matrix, especially at later time
points when cells are closely packed. Also, since we wanted to
visualize the entire region of osteocyte-laden collagen in
chamber 2, a 10X objective was used for imaging, which
makes it difficult to visualize the connections between adjacent
osteocytes. A representative z-stack movie file (Movie S3 in the
SI) clearly shows that osteocytes form a connection within the
3D collagen matrix by Day 3. Therefore, we use cell—nuclei
separation distances as a criterion to generate 3D cell
connectivity maps. Higher resolution images taken from Day 3
were analyzed using Image] (FIJI; Figure S12) to calculate the
distance between neighboring cells using the Gaussian distance
formula. Based on this, the nuclei separation distances < 50um
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Black bars = Day 7; Grey bars = Day 21; Y axis represents fold difference vs. 7d static by 2-4ACT
*p <0.05 ** p=<0.010; *** p <0.0010; ****p < 0.0001 by 2-way ANOVA; Sidak post-hoc test used for pairwise comparisons

Figure 6. Gene expression by RT-qPCR for 10 osteocyte genes. Data shown are mean + SD of n = 3—S replicates, and brackets show statistically
significant differences (p < 0.05) in gene expression between treatment groups by 2-way ANOVA (time*treatment). * p < 0.0S; ** p <0.010; *** p <

0.0010; **** p < 0.0001.

were assumed to be connected cell pairs (solid lines), while
individual nuclei are represented as red dots (Figure SE). The
3D maps provide a visual representation that shows an overall
increase in cell number and cell migration into the 3D collagen
matrix, and cell connectivity with longer culture durations. Maps
show some cell aggregation in the dynamic condition compared
to the static condition, which aligns well with observed cell
morphology.

Changes in Gene Expression in 3D MLO-Y4 Networks
under PUFFS. To assess the impact of PUFFS on gene
expression by osteocytes, chips with 3D MLO-Y4-laden collagen
gels were subjected to dynamic or static conditions for 7 or 21
days. The gene expression profiles of 10 mechanosensitive target
genes (Alpl, Gjal, Pdpn, Sost, Tnfsf11, Tnfsfr11b, Phex, Mepe,
Dmpl, and Fgf23; Tables S2 and S3) were analyzed via RT-
qPCR, normalized to housekeeping genes (Gapdh and
Hsp90abl), and assessed via two-way ANOVA to assess
statistical significance of differences between treatment groups
as well as isolate the contributions of time (7 days/21 days),
stimulus (Static/PUFFs), and the interaction of these terms
(Figure 6). Alkaline phosphatase (Alpl) is expressed by
osteoblasts and early osteocytes and facilitates the deposition
of a mineralized matrix by hydrolyzing extracellular inorganic
pyrophosphate, making it available for the formation of calcium
hydroxyapatite. However, as cells transition from the osteoblast
to osteocyte phenotype and become entombed in their
mineralized matrix, ALPL expression and de novo mineraliza-
tion decrease as part of the normal differentiation program,

particularly when mechanically loaded.**®* Alpl exhibited
significant variance from time (10.1%), stimulus (40.0%), and
interaction (26.7%, all p < 0.0001). Relative to 7-day static
controls, Alpl was downregulated in cells exposed to PUFES for
7 days (—3.73-fold, p = 0.0049) with pronounced down-
regulation at 21 days under both static (—26.3-fold, p < 0.0001)
and PUFFS (—6.48-fold, p < 0.0001) conditions. There was no
significant difference in Alpl expression in between cells exposed
to PUFES for 7 or 21 days (—1.74-fold, p = 0.1837).°
Downregulation of Alpl expression under PUFES aligns with
ERK1/2-mediated suppression of Runx2-driven expression
under shear stress, reflecting cellular maturation rather than
pathological responses. Our result for Alpl is consistent with
osteoblasts reducing matrix mineralizing activity as they enter
the early-to-intermediate stages of osteocytic differentiation;
thus, the MLO-Y4 cell line is well-suited to the model.®*

The gap junction protein @ 1 (Gjal) transcript encodes the
protein connexin 43 (CX43), which is integral to osteocyte
mechanotransductive function in that it enables transmission of
small signalin6g7 molecules (e.g, Ca’") between interconnected
osteocytes.””®” Gap junction protein a 1 (Gjal/Cx43) showed
no significant differences, suggesting that baseline gap junction
integrity is transcriptionally stable, as indicated by immuno-
fluorescence. Podoplanin (Pdpn), also known as protein E11, is
implicated in the initial stages of osteocyte differentiation, is
essential for the formation of dendritic processes, and has been
suggested to act as a sensor for bone damage.68’69 Expression of
Pdpn was suppressed by PUFFS (—3.06-fold, p = 0.0070 at 7
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days; —5.52-fold at 21 days, p < 0.0010). Relative to 7-day static
controls, downregulated Pdpn (—10.69-fold, p < 0.0001) was
observed at 21 days. There was no significant difference in Pdpn
expression between cultures exposed to PUFFS for 7 and 21
days (p = 0.1879). These changes appeared to be driven by the
stimulus (50.1%) and interaction of time and stimulus terms
(21.3%, p < 0.0001). This contrasts with research demonstrating
that Pdpn increases with in vivo loading, which enhances
osteocyte connectivity in dendritogenesis. Reduced Pdpn as
observed here may indicate excessive shear stress activating
RhoA/ROCK pathways that trigger cytoskeletal retraction of
dendritic processes.”” Alternatively, this reduction of Pdpn with
PUFFS may indicate a matrix-driven feedback mechanism
because collagen gel stiffness may be insufficient to support
dendrite extension, despite mechanical stimulation.”* Unload-
ing of bone promotes the secretion of Sclerostin, encoded by the
Sost gene, by osteocytes acting as a negative regulator of bone
formation by inhibiting the Wnt/f-catenin signaling path-
way.”' =7 Expression of (Sost) was predominantly influenced by
the interaction of time and stimulus variables (89.05%, p <
0.0001). In comparison to 7-day static controls, exposure to
PUFES for 7 days did not significantly affect Sost expression
(1.19-fold, p = 0.9994) but was downregulated relative to 7 days
in both static (—14.94-fold, p < 0.0001) and PUFFS (—13.23-
fold, p < 0.0001) conditions. In vivo loading suppresses Sost via
Piezol activation.”* It is possible that the less stiff environment
provided by the collagen gel limits prevented mechanosensitive
Piezol activation, leaving time-dependent silencing dominant.
While Sost downregulation should activate Wnt signaling, the
absence of anabolic gene upregulation (e.g., Alpl and Dmpl)
suggests that reduction of Sost may be compensated by Secreted
Wnt antagonists (e.g, Dkkl) not assayed here®*”* or via
mechanically activated signaling through the Wnt/ Ca%* or Wnt/
PCP pathways.”® Fibroblast growth factor 23 (Fgf23) is expressed
by osteocytes at the most advanced stage of differentiation.
Mechanical strain has been suggested to modulate the
expression of FGF23, which acts on the kidney to regulate
systemic phosphate and vitamin D metabolism.””~” While
Fgf23 was detected under both static and PUFFS conditions
after 7 days in the device, expression was not significantly
different between treatments (+1.48-fold, p = 0.9998). In
contrast, Fgf 23 was barely detectable in MLO-Y4 cultured for 21
days under either static or PUFFES conditions. Fibroblast growth
factor 23 (Fgf23) became undetectable at 21 days, correlating
with Phex downregulation (—7.77-fold static 21 days).
Mechanical loading in vivo requires the Phex-mediated cleavage
of MEPE for Fgf23 maintenance. Mineral-free collagen gels, as
studied here, may impair feedback via the Phex—Fgf23—MEPE
axis, mimicking osteocgte dedifferentiation and disrupted
phosphate homeostasis.”

Receptor activators of nuclear factor kB ligand (Rank-L or
Tnfsf11) and osteoprotegerin (Opg or Tnfsfr11b) are secreted by
osteocytes to modulate osteoclast development and resorptive
activity. While Rank-L promotes osteoclast differentiation and
bone resorption, Opg acts as a decoy receptor that neutralizes
Rank-L to fine-tune the osteoclastic component of mechanoa-
daptation.”*” Variance of Rank-L expression stemmed from
time (16.4%), stimulus (17.3%), and interaction (39.5%), with
PUFFS reducing Rank-L at 7 days (—5.58-fold, p = 0.0052).
Mechanical suppression of Rank-L mirrors in vivo loading’s
antiresorptive effects via Mepe upregulation.83 Osteoprotegerin
(Opg/Tnfsfr11b) increased 2.97-fold at 21 days PUFFS (p =
0.0164), driven by the stimulus (40.9%, p = 0.0009) and

interaction (16.6%, p = 0.0077). Sustained OPG elevation aligns
with the mechanical promotion of decoy receptor production to
buffer Rank-L.** Prolonged mechanical stimulation enhances
OPG production, consistent with in vivo loading suppressing
resorption.” Pulsatile fluid flow in MLO-Y4 cells has been
shown to increase MEPE, lowering RANKL/OPG ratios and
inhibiting osteoclastogenesis.®’ It is recognized that the
expression of the Tnfsfl1 and Tnfrsf11b transcripts may not
consistently reflect the levels of their respective secreted protein.
Attempts to assay levels of the soluble proteins in effluent media
by ELISA were not successful, most likely due to their low
abundance, which did not exceed the lower limit of detection.
Nonetheless, these results suggest that prolonged mechanical
stimulation enhances OPG production at the transcript level,
which is consistent with in vivo loading suppressing resorption,
and thus warrants further investigation.

The phosphate-regulating neutral endopeptidase (Phex) gene
encodes a zinc metalloendopeptidase expressed in osteocytes
that is involved in bone mineralization and phosphate
homeostasis via its influence on FGF23 expression.85’86 In
two-way analysis, only treatment contributed significantly to the
observed variance (44.1%, p = 0.0040). Phex showed stimulus-
driven downregulation (—7.77-fold static 21 days, p = 0.0110),
implicating mineral-free collagen gels in disrupting the Phex—
Fgf23 axis critical for phosphate regulation.*’

Osteocytic expression of matrix extracellular phosphoglyco-
protein (Mepe) is modulated by mechanical stress, suggesting its
involvement in adaptation to mechanical loading. Time
(10.1%), stimulus (50.2%), and interaction (17.9%) were
significant. PUFFS reduced Mepe at 21 days (—7.03-fold vs
static). In pairwise comparisons, Mepe was suppressed by
PUFFS at 21 days (—7.03-fold, p < 0.0001), and Mepe
expression was also significantly reduced between 7 and 21
days in both static (—29.3-fold, p < 0.0001) and PUFFS-treated
cultures (—7.03-fold, p = 0.0006). This pattern contrasts with
the induction of Mepe observed with mechanical loading in vivo.
This paradox may reflect overload stress or absent mineral
feedback. Similar to Mepe, expression of the Dentin matrix
protein 1 (Dmpl) transcript by osteocytes is upregulated in
response to mechanical loading, though the Dmpl protein is
involved in both positive and negative regulation of matrix
mineralization and is dependent upon post-translational
modification and cleavage into fragments of varying func-
tions.* ™ Furthermore, both MEPE and DMPI proteins are
substrates of PHEX, whose proteolytic activity releases acidic
serine aspartate-rich MEPE-associated motif (ASARM) peptides
that bind hydrox?ragatite and negatively regulate further matrix
mineralization.*”” Two-way analysis of data for DmplI
expression showed that while time did not contribute
significantly to the observed variance (0.1%, p = 0.3980),
stimulus (77.8%, p < 0.0001), and the interaction of time and
stimulus (4.6%, p = 0.0002 were significant factors). There was
no significant difference in Mepe expression between static and
PUFFS-treated cells at 7 days (—1.83-fold, p = 0.1690); at 21
days, PUFFS significantly reduced expression (p < 0.0001)
compared to 21-day static treatment. Dmpl expression was
reduced between 7 and 21 days in culture for both static
(—15.31-fold, p < 0.0001) and PUFFS conditions (+3.09-fold, p
< 0.0001). Dmp1 was downregulated by PUFES (—S5.17-fold at
21 days, p = 0.0039), opposing in vivo loading’s enhancer-driven
Dmpl activation,*’ suggesting nonphysiological PUFFS param-
eters. The observed expression reductions of Mepe, Dmp1, and
FGF23 are not consistent with the anticipated anabolic
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Figure 7. Representative fluorescence images showing the expression of sclerostin (red), connexin 43 (Cx43, yellow), and av33 (pink) under static
and dynamic conditions at Days 7 and 21 (scale bar = SO ym). The white arrow indicates the direction of PUFFS.

response. This pattern may reflect the limitations of the MLO-
Y4 cell line to model the late and terminal stages of osteocyte
differentiation when MEPE, DMPI1, and FGF23 would be
expected to reach peak expression and is further constrained by
the absence of mineral-matrix feedback mechanisms necessary
for full osteocytic gene expression.”*”' Studies by other
investigators using a range of both 2D and 3D models with
MLO-Y4, other cell lines, and primary cells and contrasted
against in vivo experiments demonstrate that MEPE and DMP1
expression is highly dependent on matrix mineralization and
shows complex temporal regulation under mechanical load-
ing.gz’93 In mineralized environments, these genes are
upregulated by mechanical stimulation, but in nonmineralized
collagen systems, their expression may be compromised despite
mechanical stimulation.®>**

The application of dynamic mechanical stimulation (PUFES)
to MLO-Y4 osteocyte-like cells in a 3D collagen bioreactor
system revealed the complex temporal and stimulus-dependent
regulation of genes governing bone mineralization, osteocyte
differentiation, and osteoclast-osteoblast coupling. Key patterns
include (1) time-driven suppression of mineralization regulators
(Alpl, Mepe, and Dmpl) independent of the mechanical
stimulus,®* (2) PUFFS-mediated anticatabolic effects via
RANKL/OPG modulation, (3) culture duration dominance
over Sost expression, and (4) loss of mature osteocyte markers
(Fgf23) at later time points. Despite Sost suppression, anabolic
genes (Alpl and Dmpl) remain low. This mirrors f-catenin-
independent Wnt signaling (e.g, Wnt/Ca®") activated by
mechanical stress, bypassing transcriptional targets like Alpl.*>
Culture duration eclipses mechanical effects on Sost and Fgf23,
highlighting limitations of prolonged in vitro osteocyte models.
These findings underscore the need to optimize mechanical
parameters (e.g, shear stress magnitude: 0.5—3 Pa);’* and
incorporate mineral phases to better recapitulate the in vivo
microenvironment of osteocytes. Mechanistically, PUFFS
aligned with ERK1/2-mediated Runx2 suppression (Alpl) and
RhoA/ROCK-driven dendrite retraction (Pdpn) but diverged in
Wnt (Sost) and mineralization pathways, perhaps due to
constraints of using a nonmineralized collagen gel.

In developing this model, we found the opacity of mineralized
matrices (e.g., inclusion of granular hydroxyapatite confounded
high-resolution 3D imaging, particularly in recording live
calcium signaling responses), leading to our adoption of a
collagen-only ECM environment. Nonetheless, we recognize
this as a limitation of the physiological relevance of the current
study. The absence of mineralization in our collagen model
represents a fundamental limitation that significantly impacts

the physiological relevance of our findings, particularly regarding
Phex and Fgf23 gene expression.”” Matrix mineralization serves
as a critical trigger for osteocyte maturation, with studies
demonstrating that “mineralization of the matrix surrounding
the osteocyte is the trigger for cytodifferentiation from a plump
immature form to a mature osteocyte”. Furthermore, they
showed that in mineralized environments, osteocytes exhibit
characteristic mature morphology and begin secreting sclerostin,
whereas osteocytes in an unmineralized matrix remain in an
immature state.

The Phex and Fgf23 genes are intimately connected through a
mineralization-dependent regulatory network that is absent
from our nonmineralized collagen environment. PHEX is a
metalloendopeptidase that plays essential roles in phosphate
homeostasis and bone mineralization, while FGF23 serves as a
phosphaturic hormone whose expression is normally suppressed
by functional PHEX and DMP1.”® Furthermore, the absence of
hydroxyapatite prevents normal mineral-matrix feedback,
compromising the PHEX—FGF23—MEPE axis, which is
essential for phosphate regulation and matrix mineralization.””

While our model successfully demonstrates mechanotrans-
duction capabilities and some aspects of osteocyte biology, the
absence of mineralization severely limits its translational
relevance for studying phosphate homeostasis, mineral metab-
olism, and mature osteocyte functions. The dramatic down-
regulation of Phex and loss of Fgf23 expression represent
fundamental departures from physiological osteocyte behavior
rather than responses to mechanical stimulation.”® The
development of mineralized collagen systems would enable
proper investigation of osteocyte responses to mechanical
loading while also maintaining the optical accessibility, which
makes our current platform valuable. Future iterations of our
platform could incorporate monomolecular hydroxyapatite or
other optically compatible calcium phosphate phases to restore
normal Phex—Fgf23 axis function and responsiveness to
systemic endocrine input.98

Expression of Key Markers in 3D MLO-Y4 Osteocyte
Networks. We stained the cells for key proteins related to
osteocyte biology (Figure 7). Sclerostin (Sost), widely used to
identify osteocytes, was stained for chips under both static and
dynamic conditions on Days 7 and 21. Next, we stained for avf33
integrin, a receptor on osteocytes that facilitates attachment to
collagen, and gap junction protein Cx43 that is known to
facilitate mechanical stimuli-evoked calcium ion signaling. For
both Cx43 and avfi3, we observed that the staining was
distributed over the entire cell surface, and higher levels of
staining can be seen for the dynamic group as compared to the
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Figure 8. (A) Snapshots of fluorescence images showing the propagation of calcium signaling within MLO-Y4-laden collagen in chamber 2. (B)
Representative normalized calcium signaling profiles before, during, and after the application of PUFFS. (C) Plots showing typical single-cell
responses. (D) Plot showing frequency of signal oscillations for static and dynamic chips. (E) Number of responsive cells with oscillating signals in the
presence and absence of the Cx43 gap junction inhibitor for static and dynamic chips for Days 7 and 21. ** p <0.010.

static control. Control experiments for all immunostains
(exclusion of primary antibodies) show little to no nonspecific
fluorescence signals (Figure S10).

Real-Time Monitoring of Calcium Signaling within a
3D Osteocyte Network under PUFFS. Fluo-4 AM calcium
staining in combination with time-lapse fluorescence micros-
copy was used to capture the changes in the calcium intensity of
MLO-Y4-laden collagen in chamber #2. For every experiment,
the baseline signal was captured under no stimulation conditions
for ~40 s, followed by the application of PUFES (0.33 Hz) for
~60 s in chamber #3. For every experiment, the average
magnitude of baseline signals (0—40 s) was used to normalize
the calcium signals. Representative fluorescence images and
video captures of MLO-Y4 calcium signaling in chamber #2
show the propagation of the calcium signal across the MLO-Y4
network, starting from chamber #3 to chamber #1 (Figure 8A
and Movie S2). We identified individual cells within the network
and plotted changes in calcium intensity as a function of time
(Figure 8B—C). We observed similar signals for both static and
dynamic conditions. All MLO-Y4s showing oscillatory re-
sponses show one of the two signaling profiles (Figure 8C).
One profile type returns to baseline fluorescence values after
every PUFFS-induced calcium spike, while the other type
exhibits a gradual increase in the overall fluorescence and does
not come back to baseline signals even after PUFFS is stopped.
We used PeakFinder (MATLAB) to assess the oscillatory
frequency of cell-laden MLO-Y4s in chamber 2 (Figure 8D). We
found that the frequency increases from 0.39 + 0.83 Hz (Day 7)
to 0.46 + 0.22 Hz (Day 21) under static conditions. On the
other hand, for chips subjected to daily PUFEFS, the oscillation

frequency decreases from 0.45 + 0.04 Hz (Day 7) to 0.43 + 0.33
(Day 21). We further characterized the number of MLO-Y4 cells
showing oscillatory signals (Figure 8E). We found that, for static
culture, MLO-Y4s exhibiting oscillatory response increased
from ~46% (Day 3) to ~99% (Day 21), while for chips
subjected to daily PUFES (0.33 Hz), cells exhibiting oscillatory
response increased from ~70% (Day 3) to ~83% (Day 21).
Since both the mechanical deformation of the collagen matrix
and cell-to-cell gap junction-based signaling could modulate
their response, we repeated this experiment in the presence of a
gap junction Cx43 blocker (GAP26). Briefly, on Days 7 and 21,
the GAP26 solution is pipetted in side chambers for 45 min
before applying PUFFS (0.33 Hz, 60 s) in chamber #3. Results
show that, for static conditions, the total number of MLO-Y4s
that exhibit an oscillatory response decreasing from 37% (Day 7)
to 21% (Day 21), while for chips subjected to daily PUFFS (0.33
Hz), oscillatory cells decreased from 28% (Day 7) to 16% (Day
21). After blocking with GAP26 (Cx43 inhibitor), we saw an
overall decrease in the number of cells showing the oscillatory
response. This indicates that at early time points, when
connectivity is low, inhibition of the gap junction does not
play a significant role; this could mean that the responses we
observe are more due to mechanical deformation. At longer
culture durations (Day 21), with more cell-to-cell connectivity,
there is a significant drop in the number of cells showing an
oscillatory response, which indicates a significant role of gap
junction-based signaling in addition to matrix deformation-
induced signaling responses recorded during PUFFS.

The residual Ca*" signaling observed in the presence of
GAP26 suggests activity of multiple mechanisms, distinct from
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Figure 9. (A) Schematic showing proximal, central, and distal subregions with respect to PUFFS. (B) Plots showing the number of MLO-Y4s with
oscillatory responses within each subregion for Days 3, 7, and 21. (C) Left: Representative signaling profiles from various subregions before, during,
and after PUFFS. Right: Representative plots when the gap junction was blocked on Day 7. Each signal is captured from an independent chip with

application of PUFFS for 60 s (marked by black arrowheads).

Cx43 gap junctions that regulate Ca®* oscillation, including
mechanically activated channels Piezol/2, Trpv channels, and
ligand-operated channels, as well as intracellularly mediated
Ca?" oscillations. Notably, these signaling mechanisms do not
require direct cell-to-cell transmission (e.g., across gap
junctions) to initiate calcium influx or to release intracellular
stores. Our experiment with the Cx43 selective inhibitor
demonstrates that, despite residual signal from these other
pathways, gap junctions are a major, perhaps dominant regulator
of Ca®" oscillation, particularly at the later time points when
functional intracellular junctions are well-established.
Characterization of Calcium Signaling within Sub-
regions of MLO-Y4-Laden Collagen. We investigated
whether regions closer and farther away from PUFES elicit
similar signaling responses. To do so, chamber 2 was divided
into three regions: proximal (0—285 um), central (286—570
um), and distal (571—855 pm; Figure 9A). First, the number of
cells exhibiting oscillatory responses were characterized using
PeakFinder.m (MATLAB), as explained in the Materials and
Methods section (Figures 9B and S14). For Day 3, in the
proximal subregion, responsive cells were 21 + 0.07% (static)
and 28 + 0.08% (dynamic), the central subregion showed 24 +
0.16% (static) and 21 = 0.13% (dynamic) of responsive cells,
and for the distal subregion, 12 + 0.14% (static) and 12 + 0.06%
(dynamic) were recorded. For Day 7, in the proximal subregion,
responsive cells were 14 + 0.12% (static) and 19 + 0.02%
(dynamic), the central subregion showed 16 + 0.15% (static)
and 25 + 0.11% (dynamic) of responsive cells, and for the distal
subregion, 16 + 0.05% (static) and 27 + 0.15% (dynamic) were
recorded. For Day 21, in the proximal subregion, responsive cells
were 29 + 0.05% (static) and 30 + 0.16% (dynamic), the central
subregion showed 31 + 0.09% (static) and 32 + 0.13%

(dynamic) responsive cells, and for the distal subregion, 40 +
0.05% (static) and 21 + 0.04% (dynamic) were recorded. To
assess how the signaling properties adapt to PUFES, we applied
multiple rounds of Fluo-4 AM calcium dye staining on the same
sample; however, this resulted in significant cell death. As a
result, we tried to compare calcium signaling characteristics from
independent chips (samples) using calcium dye staining as an
endpoint assay. Thus, chips were analyzed for each time point
(Days 3, 7, and 21), and their signaling properties were
compared. First, single cells in each subregion exhibiting
oscillatory calcium signals during PUFFS were pooled together
to obtain a cumulative signal that could represent the proximal,
central, and distal subregions. To extract a representative
calcium signal from each of these subregions, the xcorr function
(“signal/SignalSimilaritiesExample”) (MATLAB) was used to
cross-correlate calcium signals from all single cells located within
each subregion. The xcorr function measures the similarity
between two signals at a specified time length and computes the
lag differences, where zero lag indicates matching signals. The
Excel SORT function was then used to reorder responses based
on the distance from PUFFS and group cells with similar
responses together. Only cells exhibiting oscillatory responses
were analyzed, with 80—400 cells per region obtained from 3
independent chips. Oscillatory cells from proximal, central, and
distal groups were averaged into a single response; thus, each
chip had 3 regional responses (Figure 9C). For each regional
response, the start and stop of PUFES are indicated by
arrowheads. Despite maintaining consistency in threshold
settings for all chips and analyzing many single-cell responses
(80—400), we found that calcium signals show large variations in
regional responses, making direct comparison between chips
challenging. We also conducted this experiment in the presence
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Figure 10. (A) Sequential application of PUFES at 0.33 Hz (60 s) and then rest for 15 min, followed by PUFFS at 1.66 Hz (60 s). (B) Representative
normalized calcium signaling profiles before, during, and after the application of PUFFS. (C) Plot showing frequency of signal oscillations for static and
dynamic chips. (D) Number of responsive cells, with oscillating signals, in the presence and absence of the Cx43 gap junction inhibitor for static and

dynamic chips for Days 7 and 21 (PUFFS, 1.66 Hz).

of GAP26 (Cx43 inhibitor) to check if signaling properties are
affected; however, due to large signal variations between chips, a
direct comparison was not possible.

In another study, we tested whether sequential application of
PUFES at 0.33 and 1.66 Hz is possible and whether a stable
collagen barrier is retained (Figure 10A,B). Process workflow
shows the application of PUFES to both static control and daily
PUFES groups first at 0.33 Hz, followed by a 15 min rest period
before a second application of PUFFS at 1.66 Hz. Results show
that osteocytes show a signaling spike frequency lower than the
PUFFS frequency of 1.66 Hz (Figure 10C). Day 7 static
conditions had 55 + 0.37% response cells and 61 + 0.03 for
PUFFS (1.66 Hz), which increased to 75 + 0.41% (static) and
79 + 0.22% (dynamic) by Day 21. We also carried out identical
experiments using the Cx43 gap junction blocker (Figure 10D).
Unlike the first PUFFS application at 0.33 Hz, blocking by
GAP26 did not greatly reduce the oscillatory responses for
dynamic conditions during sequential PUFFS application at
1.66 Hz.

Here, we designed and developed a new in vitro model that
can be used to study dynamic signaling within a 3D osteocyte
network when subjected to defined pulsatile mechanical stimuli.
Although aspects of this work have been studied in isolation, our
model presents the ability to capture real-time signaling
responses under defined mechanical stimulation for long-term
3D osteocyte cultures into an easy-to-use microfluidic platform.
For instance, Zhang et al.” used extrusion-printed 3D scaffolds
to house human mesenchymal stem cells (hMSCs) and
subjected them to defined compressive loading for up to 56
days, while Wilmoth et al."® cultured IDG-SW3 osteocytes
within hollow-pillar poly(ethylene glycol) (PEG) scaffolds for
up to 43 days under defined compressive loading conditions.
However, neither of the 3D setups allows the study of real-time
imaging studies. Another recent work by Yvanoff et al.*” showed
that MLO-Y4 osteocyte patterns on glass slides can be locally
stimulated by AFM probes as well as fluid flow shear stress, and

calcium propagation within the osteocyte networks can be
investigated; however, this study is restricted to only 2 days.

In this work, we choose to work with immortalized murine
osteocyte MLO-Y4, a cell line widely used in the field due to its
dendritic morphology, sensitivity to fluid flow and biochemical
stimuli, and proven utility in previous publications.*®~>"'"1%*
We chose the MLO-Y4 cell line, as it is a well-established model
of osteocyte mechanotransduction, and also acknowledged that
it is limited in its ability to recapitulate the entire continuum of
osteoblast to osteocyte maturation. A series of studies by the
Bonewald lab,'*® who established and characterized the MLO-
Y4 cell line who found by the comparison to primary murine
osteocytes, that MLO-Y4 recapitulate many of the defining
features of the early-to-intermediate stage osteocyte maturation
(a) express markers observed in vivo'%* they are postosteoblastic
and do not mineralize their matrix;'*>'* (b) they display
dendritic in morphology;'®” and (c) establish functional gap
junctions %1% 4,106
support of both osteoblast''” and osteoclast differentiation.’
However, the MLO-Y4 line is not suitable for modeling the later
stages of osteocyte maturation''” and particularly their role as
endocrine cells regulating systemic phosphate levels at the
kidney through secretion of FGF23. Furthermore, matrix-
entombed osteocytes are a postmitotic, terminally differentiated
state of the osteogenic lineage in vivo, whereas MLO-Y4
continues to proliferate in vitro, resulting in the high cell
densities observed at 21 days in our model. Other available cell
lines, such as IDG-SW3, Ocy454, and OmGFP66, have been
shown to model a broader range of osteocyte phenotypes,
particularly the later stages. However, each of these lines is
technically challenging to work with in our model system due to
their origin in the Immortomouse background carrying a
temperature-sensitive SV40 cassette promoting “immortal” self-
renewal crossed with the DMP1-GFP reporter, which conflicts
with the green fluorescent calcium reporter used in our studies.

and
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and are sensitive to mechanical stimuli
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Since the organic portion of bone tissue ECM is mostly
collagen (90%), we chose to make 3D osteocyte networks using
collagen e I and chose stimuli-evoked calcium (Ca*")
transients' ~~''” as a proxy for real-time signaling. We chose
PUFFS at 0.33 and 1.66 Hz (15 min/day) based on previous
work and found that bone cells respond favorably to repeated
short bursts of flow after 10 to 15 min rest periods."'”'"” A
concentration of 2.5 mg/mL was chosen for this study, as it
allowed long-term culture of MLO-Y4s under both static and
dynamic conditions. Day 21 was chosen as the endpoint, as
collagen starts to become unstable beyond this time point due to
detachment from the side walls, especially under PUFFES (1.66
Hz). Studies have recorded a variety of responses of osteocytes
to fluid flow stimuli."**""** In our studies, when PUFFS was
applied, both mechanical deformation of collagen and gap
junction-based signaling contributed to calcium signaling
profiles. Moreover, the percentage of MLO-Y4s that respond
to PUFFS in the form of oscillatory responses (responsive cells)
varies with static and dynamic samples and increases the cell
number and connectivity by Day 21. In this work, PUFFS-
evoked signaling was studied in short-term experiments lasting
less than 30 min after adding commercial Fluo-4 AM calcium
dye, followed by a semiautomated thresholding method to
analyze signaling profiles of 100 s of individual MLO-Y4s.
However, due to large variations in calcium signaling profiles, we
found it challenging to directly compare results across different
chip samples. To address this challenge, we performed Fluo-4
AM staining on the same chip every other day; however, we did
not pursue this further due to a decrease in cell viability. In the
future, stably transfected variants of MLO-Y4s that express
fluorescent fusion proteins labeling the plasma membrane and a
genetically encoded calcium indicator could facilitate longi-
tudinal calcium signaling by using the same chip. Due to the
large amount of real-time signaling data generated, automated
mapping of single cells along with functional connectivity
graphs, pairwise coactivity (correlations), and cooccurrences
(signal synchrony) should be used in the future. The numerical
simulation used in this work also has some limitations. The
simulations used a planar representation of the experimental
design, which does not fully capture the 3D nature of the actual
system. Additionally, the material properties used in the
simulation, such as the viscosity and density of the collagen
gel, were based on literature reviews and may not accurately
reflect realistic variations in collagen. Despite these limitations,
our work designed and developed a new chip to enable the study
of changes in 3D osteocyte networks subjected to PUFFS. We
envision that this minimally invasive chip can be potentially
extended to other cell types and could be used to test a range of
biophysical and biochemical stimuli.

B MATERIALS AND METHODS

Design and Fabrication of Multichambered Microfluidic
PDMS Chips Using 3D-Printed Molds. Molds were printed using a
prepolymer solution consisting of 40 mL of poly(ethylene glycol)
diacrylate (PEGDA, average M, 250) and 0.25% of photoinitiation
agent (Irgacure 819, Sigma-Aldrich), 0.01% of TEMPO (Sigma-
Aldrich), and 0.5% of 2-isopropylthioxanthone (ITX, Tokyo Chemical
Industry). The final prepolymer solution was protected from light with
aluminum foil and thoroughly mixed using a vortex for 10 min. Glass
slides (25 X 75 X 1 mm, Fisher brand) were precleaned with piranha
solution (H,SO, and H,0,; 7:3, stirred for 30 min at 12 rev/min),
washed with ethanol and water until reaching a neutral pH, and dried in
vacuum oven at 65 °C. The glass slide surface was further modified and
stirred (125 rev/min at 50 °C) in 3-(trimethoxysilyl)propyl

methacrylate (TMSPMA; Sigma-Aldrich) and toluene (Sigma-Aldrich)
(9:1) and then dried in vacuum at 65 °C. The modified glass slide was
sliced using a carbide-metal etching pen into 4 pieces, and each glass
piece was adhered to an aluminum print block using a double-sided tape
and screwed into the printer stage head. CAD files of the PEGDA
master molds were generated using Fusion 360, exported as stl files,
then imported into MATLAB to develop sliced image files for the
master mold, and exported as PNG files (i.e., black and white resolution
1080 x 1080). Image slices were uploaded as virtual masks into the
digital micromirror device (DMD) software controlled by the
LabVIEW code. For 3D printing, we utilized a Digital Light Projection
(DLP, development kit 1080p 9500 UV, Texas Instruments) platform
designed and custom-built by the Soman group.'”>'** Optical settings
consisted of a rotating diffuser to minimize light speckles, a z-stage (25
mm Compact Motorized Translation Stage, ThorLabs), and an
ultraviolet light (400 nm) laser source (iBEAM SMART 405, Toptica
Photonics). This setup was used to print 250 ym thick PEGDA master
molds onto the treated glass slides. The height of the molds was
measured with a digital caliper (Mitutoyo). Multiple master molds were
printed with minimal batch variation and were used to make chips using
replica-casting. The polydimethylsiloxane (PDMS) elastomer was
mixed with a curing agent (Sylgard 184, Dow Corning Silicone
Elastomer) at 10:1 for 10 min and degassed in a desiccator to remove air
bubbles. The PDMS precursor was cast on at least S PEGDA master
molds evenly spread in a 100 X 15 Petri dish and kept in a vacuum oven
at 70 °C overnight with a vacuum shut off to avoid bubble
accumulation. After being cooled, the PDMS reverse molds were
peeled from the PEGDA master molds. A 2 mm biopsy punch was used
to create 6 holes for the inlet/outlet ports. The edges of the PDMS
molds were cut, bonded to glass coverslips (22 mm X 22 mm X 0.17
mm, PCS-1.5-2222, Mattek), and precleaned using an overnight acid
wash (30% Hydrochloric acid). Prior to bonding, PDMS molds and
glass coverslips were plasma-treated (PE-50 model, Plasma Etch Inc.)
and heated on a hot plate at 150 °C for an hour. Before use, the chips
were sterilized by incubating in 100% ethanol, followed by overnight
exposure to UV radiation in a BSL-2 cell culture hood.

3D Osteocyte Culture within Three-Chambered Microfluidic
PDMS Chips. Before the incorporation of MLO-Y4 cells in the chips,
the chips were surface-modified using an established protocol. Briefly, a
2 mg/mL polydopamine (PD, Sigma-Aldrich, H8502) solution was
pipetted in chamber 2, incubated at room temperature for 24 h, and
then washed with PBS (3%). Then, chip surfaces were incubated in
0.01% poly-L-lysine solution (PL, Sigma-Aldrich, P4707) for 1S min at
room temperature and washed three times with PBS, followed by
another coating of 0.15 mg/mL rat tail type 1 collagen (RC) for an hour
at room temperature. The central channel was washed three times with
PBS, dried, and sterilized under UV radiation for 45 min before
incorporating the cell solution in the chip. The MLO-Y4 osteocyte cell
line (Kerafast, Inc. Boston, MA), maintained in a-MEM (12571063,
Gibco), containing L-glutamine, 1% penicillin/streptomycin, 2.5% fetal
bovine serum, and 2.5% calf serum, was cultured in flasks coated with
0.15 mg/mL rat tail type 1 collagen (Advanced Biomatrix) at 37 °C
under a humidified atmosphere of 5% CO,. Upon reaching 75—90%
confluency, the cells were trypsinized (0.25%), resuspended in media,
and mixed with collagen solution. To prepare the collagen solution,
1333 uL of bovine type 1 collagen (5225 bovine, Advanced BioMatrix,
6 mg/mL) was mixed with 414 uL of 10X HBSS (no. 14065056,
Thermo Fisher) and 236 uL of neutralizing agent (Advanced
BioMatrix). For all chips, 10 uL of cell solution (~18,000 cells per
chip) was pipetted in the central chamber (Ch#2) and incubated at 37
°C for 30 min to achieve gelation of collagen with encapsulated MLO-
Y4s. Media were pipetted in chambers 1 and 3 (side chambers on either
side of the collagen barrier) and replenished daily for Days 3, 7, or 21.

Rheological Characterization of Collagen Gels (Figure S2). A
TA Instruments Discovery Hybrid Rheometer DHR-3 equipped with a
lower Peltier plate and 20 mm cross-hatched upper and lower
geometries (TA Instruments, New Castle, DE) was used to assess the
mechanical properties of collagen gels. Gel slabs of approximately 1 mm
thickness were prepared by thermally cross-linking a 2.5 mg/mL bovine
collagen solution at 37 °C for 30 min. Prior to analysis, excess superficial
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water was removed from the gels via gentle blotting with a Kimwipe. Gel
slabs were then placed on the rheometer and manually trimmed to yield
20 mm diameter discs. Samples were allowed to equilibrate at 37 °C for
180 s prior to a frequency sweep experiment from 0.1 to 100 Hz with 2%
strain. Storage and loss moduli are reported as mean values measured at
1 Hz. All rheological measurements were performed in triplicate.
Collagen hydrogels were characterized in bulk, as chip architecture
prevents in situ rheological characterization by mechanical rotational
rheometry. Hydrogels within the chip are surrounded on three sides by
PDMS and covered by glass, rendering them inaccessible from the
outside. To work around this limitation, collagen hydrogels were
characterized in bulk in a similar fashion to other published work."**'>®
Briefly, collagen hydrogels were cast and preswelled, resulting in
samples approximately 1 mm in height. Collagen slabs were loaded onto
cross-hatched 20 mm lower geometry and trimmed to yield 20 mm
diameter X 1 mm thick discs. Upper cross-hatched 20 mm geometry
was lowered until contact was made with the surface of the sample and
then lowered an additional 200 ym to impart a slight normal force and
ensure engagement of the hydrogel with the serrated surface of both the
upper and lower geometries, preventing slippage.'>® Collagen gels were
prepared in situ from a free-flowing collagen solution within the
confined spaces of chamber #2. Since this solution adopts the shape of
the chamber prior to gelation, at the time of cross-linking, a relaxed
hydrogel scaffold is formed. Subsequent swelling of confined gels may
result in compressive forces due to osmotic pressure and the
comparatively high modulus of PDMS and glass bounding walls. In
cases of high swelling, confinement is anticipated to alter the
microstructure of the gel, as confined gels may exhibit greater
intermolecular interactions due to tighter packing and enhanced
stiffness or make the gel more susceptible to deformation.'””'**
However, little swelling was observed in bulk collagen gels prepared for
rheological characterization in this study. Our model utilizes a
microfluidic device where the gel is adhered to the walls as a result of
a protein coating that influences the hydrophobic properties of the
PDMS and glass surfaces. Therefore, the gel’s integrity is stable within
the device, and the exposed surface of the gel at the micropost is most
susceptible to alterations. However, this can be assumed negligible at a
microscale or for smaller systems.

Design and Optimization of PUFFS Setup. The overall setup
involves two RP peristaltic pumps (#RP-HX01S-1H-DC3VS, Takasa-
go, for PUFFS at 0.33 Hz, and #RP-QX1.5S-1H-DC3 V, Takasago, for
PUFFS at 1.66 Hz), a flow controller, and a tubing connected to the
inlet and outlets of a chip. During flow stimulation experiments, the
settings for PUFFS were adjusted with a controller and monitored at
the motor’s frequency reading near 1200 + 30 Hz (or Pulse Per Second
(PPS) by the manufacturer). Based on the manufacturer’s reduction
gear ratio (1/50) and 0.015 conversion factors, the actual fluid
frequency approximated 0.33 Hz (Figure S11). For the other pump, a
similar adjustment was performed to achieve PUFFS at 1.66 Hz.
Pressure measurements were performed for 30 min with a relative and
differential pressure transmitter (Type 652, Huba control, pressure
range: 0—100 kPa). We confirmed 30 kPa as the approximate pressure
generated by Takasago’s peristaltic pumps based on pressure
measurements collected within 15 min. The pump positive flow tubing
was connected to the P1 higher pressure (lower port) of the transmitter.
The tubing that administered negative flow (suction) pulled DI water
from a Petri dish. We used a G1/8 male to 1/4” barb fitting at the P1
port, followed by S0 mm of 1/4” tubing and converted to a 0.8 mm OD
barb fitting using a 1/4” barb to 1/4—28 NPT fitting, a 1/4—28 NPT
union and a 1/4—28 NPT to 0.8 mm OD barb. The final 0.8 mm OD
barb fitting was attached to the peristaltic pump outlet through 90 mm
of 1 mm ID tubing. The pump inlet tubing was submerged in DI water
within a Petri dish. Voltage output from the pressure transmitter was
monitored with a PD603 Low-Cost OEM Process Meter (Sabre
Series). The tubing was filled with DI water, so there was no air in the
lines, and the pressure transmitter was left to equalize until it read 0 V
while the pump was off. Once zeroed, the pump was turned on and
proceeded for 15 min to collect continuous readings. To estimate how
long PUFFS takes to enter and exit the channel, we intentionally
allowed air to enter the tubing during PUFFS. Using air bubbles, the

PUFEFS velocity inside chamber 3 was calculated as ~0.011 m/s. Before
applying PUFFS to chamber 3 of the chips, peristaltic pumps were
presterilized by perfusing 70% ethanol for S min and dried for 15 min.
On Day 0, MLO-Y4-laden collagen was cross-linked in chamber 2 of the
chips. On Day 1, the media were replenished, and PUFFES was applied
for 15 min daily until the target endpoint was reached (Day 3, 7, or 21).
All perfusion experiments were performed at room temperature in
sterilized biosafety cabinet level 2 (BSL-2). After PUFFS, the media
were replenished, and chips were cultured under standard conditions
(37 °C, 5% CO,).

Recording of Calcium Signaling and Analysis. PUFFS-evoked
calcium signaling within MLO-Y4-laden collagen was tested on Days 3,
7, and 21. For each time point, 3 independent chips were tested. The
device stabilizer was generated via Fusion 360, exported as an stl. file
and 3D-printed by fused deposition modeling (FDM, Bambu Lab P1P
equipped with smooth PEI plate) using poly(lactic acid) (Figure S1).
During printing, the temperature for the nozzle (0.4 mm) and bed plate
was adjusted to 250 and 65 °C, respectively. During testing, chips
combined with the 3D-printed stabilizer were placed in a 35 X 10 mm
Petri dish, and calcium dye solution (500 uL, media +1% PowerLoad
+0.1% Fluo-4 AM, #F10489, Thermo Fisher) was pipetted in chambers
1 and 3. Then, chips, covered with aluminum foil, were placed in an
incubator (37 °C) for 1S min. Sterile plastic adaptors, created by slicing
along the upper marked sections of 1000 L micropipette tips, were
connected at inlets/outlets of the side channels (first and third channels
only; Figure 2). Then, fluorescent microscopy (Leica DMI6000
Inverted, 10X objective) was used to record changes in calcium
signaling intensities within the region of interest (ROI). Here, the ROI
was chosen to be a plane at ~100 ym from the bottom glass coverslip
(approximate center plane of ~250 ym thick MLO-Y4-laden collagen
in chamber 2). Before testing, the pump is connected to the chips’ inlet
and outlets and left undisturbed for 15 min. For each calcium signaling
experiment, data were captured at least 40 s before PUFFS was applied
for 60 s at 0.33 Hz (or 1.66 Hz), and imaging continued for another ~30
s after the end of PUFFS. Images were captured at a rate of 7 frames per
second for a total duration of ~2.5 min using LASX camera software.
For experiments with two PUFFS applications, chips were subjected to
PUFFS (0.33 Hz), followed by a rest period of 10—15 min before
applying PUFFS at 1.66 Hz. This procedure was followed for both static
and dynamic samples. For blocking experiments, 0.5 mg/mL GAP26
(A1044, APExBIO, Cx43 gap junction blocker) was pipetted in
chambers 1 and 3 for 45 min and washed 3X with media, before
performing signaling experiments. All signal recordings were imported
as LOF/LIF files into ImageJ. The measure function and the line tool
were used to identify three subregions in chamber #2 based on the
distance from PUFFS (Ch#3): proximal (0—28S um), central (570
um), and distal (855 um). For all recorded time frame stacks, a z-
projection mask with an outline of displacement of individual cells and
intensity within the masks were autotraced using a specified threshold
within the ROI manager. To minimize motion artifact during image
analysis for a particular time-lapse image stack (Figure S13), signal
intensities of osteocytes in the frames were used to identify the
maximum positive displacement (in the direction of PUFFES shown in c,
green) and negative displacement (opposite direction to PUFFS shown
in b, blue), and outlines were generated (shown in yellow). Image]
(FIJI) was used to track the changes in fluorescence intensities within
the outlines for all individual frames by subtracting any background
artifacts (or scattered fluorescence due to motion blur) using the
Corrected Total Cell Fluorescence (CTCF) formula. (d) The image
with superimposed displacement images shows the total displacement
during PUFFS. A typical maximum displacement of ~16 ym was noted
for our experiments. Using nonflorescence regions (with no cells) as
background, the multimeasure option was used to analyze intensities
within outlined regions for each time frame slice, and data (mean, area,
integrated density) were recorded in a CSV file spreadsheet.

Then, the following procedure was used to identify and analyze
“responsive cells” or cells that exhibit an oscillatory response using data
collected during PUFFES (60 s). Manual validation of data was used to
select the minimum peak prominence threshold (F/F,) of 0.02
(corresponding to the amplitude of the signal). This ensures that the
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algorithm does not get noise from signals, often associated with the
maxima or minima of the signal. This process was applied to all data
analyses for all three replicates. Additionally, the number of peaks for
each condition were also calculated, as depicted in Figure S14. First, for
a particular time-lapse z-stack image set, changes in the fluorescence
intensities of single cells were extracted in the form of a spreadsheet;
here, Ocyl, Ocy2, .., Ocy(n) represents “n” cells. Then, the MATLAB
findpeaks function is used to identify the number of peaks. Using peak
prominence criteria of 0.02, (i) for 0.33 Hz PUFFS, 19 peaks were
detected; this corresponds to a frequency of 19/60 s = 0.316 Hz, and
(ii) for 1.66 Hz PUFFS, 90 peaks were detected; this corresponds to a
frequency of 90/60 s = 1.5 Hz. Each response or column was sorted
using the filter function, leaving oscillatory responses as the only
responses in the spreadsheet. The SORT function was also used to
reorder responses based on the distance, grouping cells together.
Oscillatory cells within the same distance group were averaged into a
single response; thus, each chip had 3 responses that correspond to each
subregion (proximal, central, distal). Individual intensities for each chip
were plotted over time and signalcharacteristics.m script was used to
compute the signaling frequency.

RNA Harvest and RT-qPCR. PCR was performed with unstained
replica sample batches. To assess the impact of PUFFES stimulation on
gene expression by osteocytes, devices were subjected to dynamic or
static conditions for 7 or 21 days. At the end of the study, the central
channel containing the stimulated osteocytes was removed, snap frozen,
and stored at —80 °C prior to RNA isolation. To isolate RNA, the
isolated channels were homogenized in Trizol reagent (Thermo Fisher,
Grand Island, NY) using a Precellys bead mill with the MKR28 matrix
(Bertin Technologies, Rockville, MD) for three cycles of 30 s at max
speed. The RNA was extracted using the recommended protocol and
further purified using RNEasyPlus columns (Qiagen Inc., Valencia,
CA). The integrity of extracted RNA was verified by formaldehyde—
agarose electrophoresis (28S:18S rRNA > 2:1), and RNA purity and
quantity were assessed by UV spectrophotometry. The isolated RNA
(35 ng/sample) was then reverse-transcribed to cDNA (Quantitect
Reverse Transcription Kit, Qiagen) and amplified with (Quantitect
SybrGreen PCR Kit, Qiagen) and oligonucleotide primers (Table S2;
Azenta Life Sciences) on an Eppendorf Realplex2 instrument. A cDNA
library prepared from mouse tibial bone tissue was used to verify primer
specificity and optimize reaction efficiency. Dissociation curve analysis
was used to verify reaction specificity for each reaction. Following
qPCR, expression data were normalized to the geometric mean
expression of 2 housekeeping genes (Gapdh and Hsp90ab). Data are
presented as mean fold difference + 1SD (n = 3—S per group), relative
to 7-day static controls, as calculated by the —2PP¢T method. Statistical
significance of differences between treatment groups was determined
by 2-way ANOVA with time (7 days vs 21 days) and treatment (Static/
PUFFS) taken as covariates; the Sidak post hoc test was used to
evaluate pairwise differences between groups using GraphPad Prism
Version 10.4.0 (527).

Cell Viability, Morphology, Connectivity Plots, and Immuno-
fluorescence Staining. Chips were stained with 0.05% calcein AM
and 0.1% ethidium homodimer-1 and washed with PBS before imaging
using a Leica DMI6000 Inverted Microscope. For morphology
assessment, chips were stained using 1 pg/mL DAPI (diamidino-2-
phenylindole) for the nucleus and 1:200 PBS-diluted Alexa Fluor Plus
488 Phalloidin (Thermo Fisher) for f-actin and imaged using an upright
Leica DM6 B fluorescent microscope equipped with a THUNDER
tissue imager and a z-axis focal plane. To quantify the cell number and
connectivity within 3D MLO-Y4 networks, the following process was
used. The 3D object counter in Image] was used to count the correct
number of round cells for all time points (time sequence images). The
number of round cells obtained from the count mask was divided by the
total number of cells (originally from the object mask). The 3D analysis
tools gave output values for the «, y, and zlocations for the cells by using
sliced files of the Nuclei-Blue channel. To determine the percentage of
interconnectivity between time points, x and y values for each sample
were imported onto a code-embedded Excel spreadsheet using the
Gaussian—Euclidean distance equation. Once imported, distance
measurements between cells were calculated with the code; here, we

assume that if the distance between two cells was < 50 ym, the cells are
connected to each other. For immunostaining, at specific time points
(Days 3, 7, and 21), chips were fixed (4% formaldehyde in PBS) for 15
min at room temperature, washed three times, followed by
permeabilization using 0.2% for 10 min, and washed again three
times. Then, chips were incubated with 1% BSA (blocking agent) for 1
h at room temperature and washed three times using PBS (15 min for
each wash). Chips were incubated with primary antibodies overnight at
4 °C and then washed three times with PBS (15 min for each wash),
followed by incubation with the secondary antibody solution. Primary
antibodies: Mouse Monoclonal Connexin 43 antibody (#35-5000,
Thermo Fisher) and Rabbit Polyclonal Integrin Alpha V + 33 antibody
(#BS-1310R, Thermo Fisher) or Sclerostin antibody (#219331AP,
Thermo Fisher) at a dilution of 1:200 in 0.2% BSA, 0.1% Tween, and
0.3% Triton-X 100 (BTT). Secondary antibodies: Alexa Fluor Plus 647
goat anti-mouse IgG secondary antibody (#A32723TR, Thermo
Fisher) and Alexa Fluor 594 Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody (#A32740, Thermo Fisher) at a
dilution solution of 1:1000 in BT'T. For control experiments, using Day
21 samples, the same procedure was followed in the absence of primary
antibodies. The results show little to no nonspecific fluorescence
signals.

Statistical Analysis. One-way and two-way ANOVA/Tukey tests
were used to identify the significant differences. For all results, * p <
0.05; ** p < 0.010; *** p < 0.0010; **** p < 0.0001 by 2-way
ANOVA; the Sidak posthoc test used for pairwise comparisons.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00730.

CAD schematics of the device stabilizer; rheological
measurement of collagen gels; calculation of velocity and
stress during application of PUFES in chamber 3;
numerical solution for velocity and pressure profiles of
the simulated PUFFS model; tables showing primer
sequences and gene expression; control experiment of
antibody staining; schematic and picture of the
experimental setup; and process flow for image and signal
analysis (PDF)

Representative video file showing deformation of collagen
gel with encapsulated fluorescent beads in chamber 2
when subjected to PUFES at 0.33 Hz (captured at 7
frames per second) (Movie S1) (MP4)

Representative video file showing calcium signal prop-
agation (right to left) across 3D MLO-Y4 networks in
chamber 2 during PUFFS application at 0.33 Hz (Movie
S2) (MP4)

3D reconstruction of 2D z-projection generated by

Image] volume viewer showing osteocyte cell networks
within 3D collagen gel on Day 3 (Movie S3) (MP4)

B AUTHOR INFORMATION

Corresponding Author
Pranav Soman — Department of Chemical and Biomedical
Engineering, L.C. Smith College of Engineering Syracuse
University, Syracuse, New York 13244, United States;
orcid.org/0000-0001-9456-0030; Email: psoman@
syr.edu

Authors
Anna-Blessing Merife — Department of Chemical and
Biomedical Engineering, L.C. Smith College of Engineering
Syracuse University, Syracuse, New York 13244, United States

https://doi.org/10.1021/acsbiomaterials.5c00730
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00730?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5c00730/suppl_file/ab5c00730_si_004.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranav+Soman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9456-0030
https://orcid.org/0000-0001-9456-0030
mailto:psoman@syr.edu
mailto:psoman@syr.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna-Blessing+Merife"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arun+Poudel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Arun Poudel — Department of Chemical and Biomedical
Engineering, L.C. Smith College of Engineering Syracuse
University, Syracuse, New York 13244, United States

Angelika Polshikova — Department of Chemical and
Biomedical Engineering, L.C. Smith College of Engineering
Syracuse University, Syracuse, New York 13244, United States

Zachary J. Geffert — Department of Chemical and Biomedical
Engineering, L.C. Smith College of Engineering Syracuse
University, Syracuse, New York 13244, United States

Jason A. Horton — Department of Neuroscience and Physiology,
Alan and Marlene Norton College of Medicine, SUNY Upstate
Medical University, Syracuse, New York 13210, United States

Mohammad Mehedi Hasan Akash — Department of
Mechanical Engineering, South Dakota State University,
Brookings, South Dakota $7007, United States

Anupam Pandey — Department of Mechanical and Aerospace
Engineering, L.C. Smith College of Engineering Syracuse
University, Syracuse, New York 13244, United States

Saikat Basu — Department of Mechanical Engineering, South
Dakota State University, Brookings, South Dakota 57007,
United States

Daniel Fougnier — Department of Chemical and Biomedical
Engineering, L.C. Smith College of Engineering Syracuse
University, Syracuse, New York 13244, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.5c00730

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by funding from the
National Institutes of Health, RO1 AR083466-01 to P.S. We also
acknowledge support from NIH COBRE Award 2P20
GM109024. Any opinions, findings, conclusions, or recom-
mendations expressed in this material are those of the author(s)
and do not necessarily reflect the views of the NIH or funding
agencies

B REFERENCES

(1) York, S. L.; Sethu, P.; Saunders, M. Impact of gap junctional
intercellular communication on MLO-Y4 sclerostin and soluble factor
expression. Ann. Biomed. Eng. 2016, 44 (4), 1170—1180.

(2) Fritton, S. P.; Weinbaum, S. Fluid and solute transport in bone:
flow-induced mechanotransduction. Annu. Rev. Fluid Mech. 2009, 41,
347-374.

(3) Wang, W. Y,; Pearson, A. T.; Kutys, M. L.; Choi, C. K.; Wozniak,
M. A;; Baker, B. M.; Chen, C. S. Extracellular matrix alignment dictates
the organization of focal adhesions and directs uniaxial cell migration.
APL Bioeng. 2018, 2 (4), No. 046107.

(4) Cheng, B.; Zhao, S.; Luo, J.; Sprague, E.; Bonewald, L. F.; Jiang, J.
X. Expression of functional gap junctions and regulation by fluid flow in
osteocyte-like MLO-Y4 cells. . Bone Miner. Res. 2001, 16 (2), 249—259.

(5) Cowin, S. C.; Cardoso, L. Blood and interstitial flow in the
hierarchical pore space architecture of bone tissue. J. Biomech. 2015, 48
(5), 842—854.

(6) Burger, E.; Klein-Nulend, J. Responses of bone cells to
biomechanical forces in vitro. Adv. Dental Res. 1999, 13 (1), 93—98.

(7) Schaffler, M. B.; Cheung, W.-Y.,; Majeska, R.; Kennedy, O.
Osteocytes: master orchestrators of bone. Calcif. Tissue Int. 2014, 94
(1), 5-24.

(8) Gasser, J. A.; Kneissel, M. Bone physiology and biology. In Bone
Toxicology; Springer, 2017; pp 27—94.

(9) Kerschnitzki, M.; Kollmannsberger, P.; Burghammer, M.; Duda,
G. N.; Weinkamer, R.; Wagermaier, W.; Fratzl, P. Architecture of the
osteocyte network correlates with bone material quality. J. Bone Miner.
Res. 2013, 28 (8), 1837—184S.

(10) Noble, B. S.; Peet, N.; Stevens, H. Y.; Brabbs, A.; Mosley, J. R;;
Reilly, G. C.; Reeve, ].; Skerry, T. M.; Lanyon, L. E. Mechanical loading:
biphasic osteocyte survival and targeting of osteoclasts for bone
destruction in rat cortical bone. Am. J. Physiol.: Cell Physiol. 2003, 284
(4), C934—C943.

(11) Gkotzamanidou, M.; Dimopoulos, M. A.; Kastritis, E.;
Christoulas, D.; Moulopoulos, L. A.; Terpos, E. Sclerostin: a possible
target for the management of cancer-induced bone disease. Expert Opin.
Ther. Targets 2012, 16 (8), 761—769.

(12) Sezer, O.; Heider, U.; Zavrski, L; Kiihne, C. A.; Hofbauer, L. C.
RANK ligand and osteoprotegerin in myeloma bone disease. Blood
2003, 101 (6), 2094—2098.

(13) Wijenayaka, A. R;; Kogawa, M.; Lim, H. P.; Bonewald, L. F;
Findlay, D. M.; Atkins, G. J. Sclerostin stimulates osteocyte support of
osteoclast activity by a RANKL-dependent pathway. PloS One 2011, 6
(10), No. €235900.

(14) Balemans, W.; Ebeling, M.; Patel, N.; Van Hul, E;; Olson, P.;
Dioszegi, M.; Lacza, C.; Wuyts, W.,; Van Den Ende, J.; Willems, P.;
Paes-Alves, A.F. Increased bone density in sclerosteosis is due to the
deficiency of a novel secreted protein (SOST). Hum. Mol. Genet. 2001,
10 (5), 537—544.

(15) Schindeler, A.; McDonald, M. M.; Bokko, P.; Little, D. G. Bone
remodeling during fracture repair: The cellular picture; Elsevier, 2008; Vol.
19, pp 459—466.

(16) Zhang, Y.; Yan, M.; Yu, A.; Mao, H.; Zhang, ]. Inhibitory effects
of beta-tricalciumphosphate wear particles on osteocytes via apoptotic
response and Akt inactivation. Toxicology 2012, 297 (1), 57—67.

(17) Li, X; Warmington, K. S.; Niu, Q. T.; Asuncion, F. J.; Barrero,
M.; Grisanti, M.; Dwyer, D.; Stouch, B.; Thway, T. M.; Stolina, M.; et al.
Inhibition of sclerostin by monoclonal antibody increases bone
formation, bone mass, and bone strength in aged male rats. J. Bone
Miner. Res. 2010, 25 (12), 2647—2656.

(18) Aono, Y.; Yamazaki, Y.; Yasutake, J.; Kawata, T.; Hasegawa, H.;
Urakawa, I; Fujita, T.; Wada, M.; Yamashita, T.; Fukumoto, S;
Shimada, T. Therapeutic effects of anti-FGF23 antibodies in
hypophosphatemic rickets/osteomalacia. J. Bone Miner. Res. 2009, 24
(11), 1879—1888.

(19) Weinstein, R. S.; Jilka, R. L.; Almeida, M.; Roberson, P. K
Manolagas, S. C. Intermittent parathyroid hormone administration
counteracts the adverse effects of glucocorticoids on osteoblast and
osteocyte viability, bone formation, and strength in mice. Endocrinology
2010, 151 (6), 2641—2649.

(20) Compton, J. T.; Lee, F. Y. A review of osteocyte function and the
emerging importance of sclerostin. J. Bone Jt. Surg, Am. Vol. 2014, 96
(19), 1659.

(21) Bonewald, L. F. The amazing osteocyte. J. Bone Miner. Res. 2011,
26 (2), 229-238.

(22) Knothe, T. M. L.; Niederer, P.; Knothe, U. In vivo tracer
transport through the lacunocanalicular system of rat bone in an
environment devoid of mechanical loading. Bone 1998, 22 (2), 107—
117.

(23) Takai, E;; Mauck, R. L; Hung, C. T.; Guo, X. E. Osteocyte
viability and regulation of osteoblast function in a 3D trabecular bone
explant under dynamic hydrostatic pressure. J. Bone Miner. Res. 2004, 19
(9), 1403—1410.

(24) Wang, S.; Pei, S.; Wasi, M.; Parajuli, A.; Yee, A.; You, L.; Wang, L.
Moderate tibial loading and treadmill running, but not overloading,
protect adult murine bone from destruction by metastasized breast
cancer. Bone 2021, 153, No. 116100.

(25) Melville, K. M.; Robling, A. G; van der Meulen, M. C. In vivo
axial loading of the mouse tibia. Osteoporosis Osteoarthritis 2015, 1226,
99—-118.

(26) Gardinier, J. D.; Rostami, N.; Juliano, L.; Zhang, C. Bone
adaptation in response to treadmill exercise in young and adult mice.
Bone Rep. 2018, 8, 29—-37.

https://doi.org/10.1021/acsbiomaterials.5c00730
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angelika+Polshikova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zachary+J.+Geffert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+A.+Horton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Mehedi+Hasan+Akash"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anupam+Pandey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saikat+Basu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Fougnier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00730?ref=pdf
https://doi.org/10.1007/s10439-015-1376-6
https://doi.org/10.1007/s10439-015-1376-6
https://doi.org/10.1007/s10439-015-1376-6
https://doi.org/10.1146/annurev.fluid.010908.165136
https://doi.org/10.1146/annurev.fluid.010908.165136
https://doi.org/10.1063/1.5052239
https://doi.org/10.1063/1.5052239
https://doi.org/10.1359/jbmr.2001.16.2.249
https://doi.org/10.1359/jbmr.2001.16.2.249
https://doi.org/10.1016/j.jbiomech.2014.12.013
https://doi.org/10.1016/j.jbiomech.2014.12.013
https://doi.org/10.1177/08959374990130012201
https://doi.org/10.1177/08959374990130012201
https://doi.org/10.1007/s00223-013-9790-y
https://doi.org/10.1002/jbmr.1927
https://doi.org/10.1002/jbmr.1927
https://doi.org/10.1152/ajpcell.00234.2002
https://doi.org/10.1152/ajpcell.00234.2002
https://doi.org/10.1152/ajpcell.00234.2002
https://doi.org/10.1517/14728222.2012.697154
https://doi.org/10.1517/14728222.2012.697154
https://doi.org/10.1182/blood-2002-09-2684
https://doi.org/10.1371/journal.pone.0025900
https://doi.org/10.1371/journal.pone.0025900
https://doi.org/10.1093/hmg/10.5.537
https://doi.org/10.1093/hmg/10.5.537
https://doi.org/10.1016/j.tox.2012.04.002
https://doi.org/10.1016/j.tox.2012.04.002
https://doi.org/10.1016/j.tox.2012.04.002
https://doi.org/10.1002/jbmr.182
https://doi.org/10.1002/jbmr.182
https://doi.org/10.1359/jbmr.090509
https://doi.org/10.1359/jbmr.090509
https://doi.org/10.1210/en.2009-1488
https://doi.org/10.1210/en.2009-1488
https://doi.org/10.1210/en.2009-1488
https://doi.org/10.2106/JBJS.M.01096
https://doi.org/10.2106/JBJS.M.01096
https://doi.org/10.1002/jbmr.320
https://doi.org/10.1016/S8756-3282(97)00234-2
https://doi.org/10.1016/S8756-3282(97)00234-2
https://doi.org/10.1016/S8756-3282(97)00234-2
https://doi.org/10.1359/JBMR.040516
https://doi.org/10.1359/JBMR.040516
https://doi.org/10.1359/JBMR.040516
https://doi.org/10.1016/j.bone.2021.116100
https://doi.org/10.1016/j.bone.2021.116100
https://doi.org/10.1016/j.bone.2021.116100
https://doi.org/10.1007/978-1-4939-1619-1_9
https://doi.org/10.1007/978-1-4939-1619-1_9
https://doi.org/10.1016/j.bonr.2018.01.003
https://doi.org/10.1016/j.bonr.2018.01.003
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(27) Tanaka, T.; Hoshijima, M.; Sunaga, J.; Nishida, T.; Hashimoto,
M.; Odagaki, N.; Osumi, R.; Aadachi, T.; Kamioka, H. Analysis of Ca 2+
response of osteocyte network by three-dimensional time-lapse imaging
in living bone. J. Bone Miner. Metab. 2018, 36 (5), 519—528.

(28) Morrell, A. E.; Brown, G. N.; Robinson, S. T.; Sattler, R. L.; Baik,
A.D.; Zhen, G,; Cao, X.; Bonewald, L. F.; Jin, W.,; Kam, L. C.; Guo, X. E.
Mechanically induced Ca 2+ oscillations in osteocytes release
extracellular vesicles and enhance bone formation. Bone Res. 2018, 6
(1), No. 6.

(29) Lewis, K. J.; Frikha-Benayed, D.; Louie, J.; Stephen, S.; Spray, D.
C.; Thi, M. M,; Seref-Ferlengez, Z.; Majeska, R. J.; Weinbaum, S.;
Schaffler, M. B. Osteocyte calcium signals encode strain magnitude and
loading frequency in vivo. Proc. Natl. Acad. Sci. U.S.A. 2017, 114 (44),
11775—-11780.

(30) Ly, X. L.; Huo, B.; Chiang, V.; Guo, X. E. Osteocytic network is
more responsive in calcium signaling than osteoblastic network under
fluid flow. J. Bone Miner. Res. 2012, 27 (3), 563—574.

(31) Alford, A.; Jacobs, C; Donahue, H. Oscillating fluid flow
regulates gap junction communication in osteocytic MLO-Y4 cells by
an ERK1/2 MAP kinase-dependent mechanism. Bone 2003, 33 (1),
64—70.

(32) Genetos, D. C.; Kephart, C. J.; Zhang, Y.; Yellowley, C. E;
Donahue, H. J. Oscillating fluid flow activation of gap junction
hemichannels induces ATP release from MLO-Y4 osteocytes. J. Cell.
Physiol. 2007, 212 (1), 207—214.

(33) Guo, X. E.; Takai, E.; Jiang, X; Xu, Q; Whitesides, G. M,;
Yardley, J. T.; Hung, C. T.; Chow, E. M,; Hantschel, T.; Costa, K. D.
Intracellular calcium waves in bone cell networks under single cell
nanoindentation. Mol. Cell. Biomech. 2006, 3 (3), 95—107.

(34) Huo, B.; Lu, X. L; Costa, K. D.; Xu, Q; Guo, X. E. An ATP-
dependent mechanism mediates intercellular calcium signaling in bone
cell network under single cell nanoindentation. Cell. Calcium 2010, 47
(3), 234—241.

(35) Jing, D.; Ly, X. L.; Luo, E.; Sajda, P.; Leong, P. L.; Guo, X. E.
Spatiotemporal properties of intracellular calcium signaling in
osteocytic and osteoblastic cell networks under fluid flow. Bone 2013,
53 (2), 531—-540.

(36) Takai, E.; Hung, C. T.; Tucay, A.; Djukic, D.; Linde, M. L.; Costa,
K. D,; Yardley, J. T.; Guo, X. E. Design of a Microfluidic System for 3D
Culture of Osteocytes In Vitro; American Society of Mechanical
Engineers, 2002; pp 245—246.

(37) Yvanoff, C.; Willaert, R. G. Development of bone cell microarrays
in microfluidic chips for studying osteocyte—osteoblast communication
under fluid flow mechanical loading. Biofabrication 2022, 14 (2),
No. 025014.

(38) Sieberath, A.; Della Bella, E.; Ferreira, A. M.; Gentile, P.; Eglin,
D.; Dalgarno, K. A comparison of osteoblast and osteoclast in vitro co-
culture models and their translation for preclinical drug testing
applications. Int. J. Mol. Sci. 2020, 21 (3), 912.

(39) Borciani, G.; Montalbano, G.; Baldini, N.; Cerqueni, G.; Vitale-
Brovarone, C.; Ciapetti, G. Co—culture systems of osteoblasts and
osteoclasts: Simulating in vitro bone remodeling in regenerative
approaches. Acta Biomater. 2020, 108, 22—4S.

(40) Skottke, J.; Gelinsky, M.; Bernhardt, A. In vitro co-culture model
of primary human osteoblasts and osteocytes in collagen gels. Int. J. Mol.
Sci. 2019, 20 (8), 1998.

(41) Matsuzaka, T.; Matsugaki, A.; Nakano, T. Control of osteoblast
arrangement by osteocyte mechanoresponse through prostaglandin E2
signaling under oscillatory fluid flow stimuli. Biomaterials 2021, 279,
No. 121203.

(42) George, E. L; Truesdell, S. L.; York, S. L.; Saunders, M. M. Lab-
on-a-chip platforms for quantification of multicellular interactions in
bone remodeling. Exp. Cell Res. 2018, 365 (1), 106—118.

(43) George, E. L.; Truesdell, S. L.; Magyar, A. L.; Saunders, M. M.
The effects of mechanically loaded osteocytes and inflammation on
bone remodeling in a bisphosphonate-induced environment. Bone
2019, 127, 460—473.

(44) Mei, X.; Middleton, K.; Shim, D.; Wan, Q.; Xu, L.; Ma, Y.-H. V.;
Devadas, D.; Walji, N.; Wang, L.; Young, E. W.; You, L. Microfluidic

platform for studying osteocyte mechanoregulation of breast cancer
bone metastasis. Integr. Biol. 2019, 11 (4), 119—129.

(45) Middleton, K.; Al-Dujaili, S.; Mei, X;; Giinther, A,; You, L.
Microfluidic co-culture platform for investigating osteocyte-osteoclast
signalling during fluid shear stress mechanostimulation. J. Biomech.
2017, 59, 35—42.

(46) Lin, C.-Y.; Song, X,; Seaman, K.; You, L. Microfluidic Co-culture
Platforms for Studying Osteocyte Regulation of Other Cell Types
under Dynamic Mechanical Stimulation. Curr. Osteoporosis Rep. 2022,
20 (6), 478—492.

(47) Movilla, N.; Borau, C.; Valero, C.; Garcia-Aznar, J. Degradation
of extracellular matrix regulates osteoblast migration: A microfluidic-
based study. Bone 2018, 107, 10—17. .

(48) Nasello, G.; Alaman-Diez, P.; Schiavi, J.; Pérez, M. A
McNamara, L.; Garcia-Aznar, J. M. Primary human osteoblasts cultured
in a 3D microenvironment create a unique representative model of their
differentiation into osteocytes. Front. Bioeng Biotechnol. 2020, 8,
No. 336.

(49) Sun, Q.; Choudhary, S.; Mannion, C.; Kissin, Y.; Zilberberg, J.;
Lee, W. Y. Ex vivo replication of phenotypic functions of osteocytes
through biomimetic 3D bone tissue construction. Bone 2018, 106,
148—1S58S.

(50) Tordachescu, A.; Amin, H. D.; Rankin, S. M.; Williams, R. L.;
Yapp, C.; Bannerman, A.; Pacureanu, A.; Addison, O.; Hulley, P. A;
Grover, L. M. An in vitro model for the development of mature bone
containing an osteocyte network. Adv. Biosyst. 2018, 2 (2),
No. 1700156.

(51) Kurata, K.; Heino, T. J.; Higaki, H.; Vaininen, H. K. Bone
marrow cell differentiation induced by mechanically damaged
osteocytes in 3D gel-embedded culture. J. Bone Miner. Res. 2006, 21
(4), 616—625.

(52) Honma, M.; Ikebuchi, Y.; Kariya, Y.; Suzuki, H. Establishment of
optimized in vitro assay methods for evaluating osteocyte functions. J.
Bone Miner. Metab. 2015, 33 (1), 73—84.

(53) Sun, Q.; Choudhary, S.; Mannion, C.; Kissin, Y.; Zilberberg, J.;
Lee, W. Y. Ex vivo construction of human primary 3D—networked
osteocytes. Bone 2017, 10S, 245—252.

(54) Gu, Y.; Zhang, W.; Sun, Q; Hao, Y.; Zilberberg, J.; Lee, W. Y.
Microbead-guided reconstruction of the 3D osteocyte network during
microfluidic perfusion culture. J. Mater. Chem. B 2015, 3 (17), 3625—
3633.

(55) Boukhechba, F.; Balaguer, T.; Michiels, J. F.; Ackermann, K;
Quincey, D.; Bouler, J. M,; Pyerin, W.; Carle, G. F.; Rochet, N. Human
primary osteocyte differentiation in a 3D culture system. J. Bone Miner.
Res. 2009, 24 (11), 1927—1935.

(56) Choudhary, S.; Sun, Q.; Mannion, C.; Kissin, Y.; Zilberberg, J.;
Lee, W. Y. Hypoxic three-dimensional cellular network construction
replicates ex vivo the phenotype of primary human osteocytes. Tissue
Eng, Part A 2018, 24 (5—6), 458—468.

(57) Yang, Y.; Wang, M,; Yang, S.; Lin, Y.; Zhou, Q; Li, H.; Tang, T.
Bioprinting of an osteocyte network for biomimetic mineralization.
Biofabrication 2020, 12 (4), No. 045013.

(58) Nguyen, H. D.; Sun, X.; Yokota, H.; Lin, C.-C. Probing osteocyte
functions in gelatin hydrogels with tunable viscoelasticity. Biomacro-
molecules 2021, 22 (3), 1115—1126.

(59) Bernhardt, A.; Weiser, E.; Wolf, S.; Vater, C.; Gelinsky, M.
Primary human osteocyte networks in pure and modified collagen gels.
Tissue Eng, Part A 2019, 2§ (19-20), 1347—-1355.

(60) Dallas, S. L.; Moore, D. S. Using confocal imaging approaches to
understand the structure and function of osteocytes and the
lacunocanalicular network. Bone 2020, 138, No. 115463.

(61) Kato, Y.; Windle, J. J.; Koop, B. A,; Mundy, G. R.; Bonewald, L. F.
Establishment of an osteocyte-like cell line, MLO-Y4. J. Bone Miner. Res.
1997, 12 (12), 2014—2023.

(62) Hernandez, C.; Majeska, R.; Schaffler, M. Osteocyte density in
woven bone. Bone 2004, 35 (5), 1095—1099.

(63) Zhang, C.; van Essen, H. W,; Sie, D.; Micha, D.; Pals, G.; Klein
Nulend, J.; Bravenboer, N. Mapping the response of human osteocytes

https://doi.org/10.1021/acsbiomaterials.5c00730
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://doi.org/10.1007/s00774-017-0868-x
https://doi.org/10.1007/s00774-017-0868-x
https://doi.org/10.1007/s00774-017-0868-x
https://doi.org/10.1038/s41413-018-0007-x
https://doi.org/10.1038/s41413-018-0007-x
https://doi.org/10.1073/pnas.1707863114
https://doi.org/10.1073/pnas.1707863114
https://doi.org/10.1002/jbmr.1474
https://doi.org/10.1002/jbmr.1474
https://doi.org/10.1002/jbmr.1474
https://doi.org/10.1016/S8756-3282(03)00167-4
https://doi.org/10.1016/S8756-3282(03)00167-4
https://doi.org/10.1016/S8756-3282(03)00167-4
https://doi.org/10.1002/jcp.21021
https://doi.org/10.1002/jcp.21021
https://doi.org/10.1016/j.ceca.2009.12.005
https://doi.org/10.1016/j.ceca.2009.12.005
https://doi.org/10.1016/j.ceca.2009.12.005
https://doi.org/10.1016/j.bone.2013.01.008
https://doi.org/10.1016/j.bone.2013.01.008
https://doi.org/10.1088/1758-5090/ac516e
https://doi.org/10.1088/1758-5090/ac516e
https://doi.org/10.1088/1758-5090/ac516e
https://doi.org/10.3390/ijms21030912
https://doi.org/10.3390/ijms21030912
https://doi.org/10.3390/ijms21030912
https://doi.org/10.1016/j.actbio.2020.03.043
https://doi.org/10.1016/j.actbio.2020.03.043
https://doi.org/10.1016/j.actbio.2020.03.043
https://doi.org/10.3390/ijms20081998
https://doi.org/10.3390/ijms20081998
https://doi.org/10.1016/j.biomaterials.2021.121203
https://doi.org/10.1016/j.biomaterials.2021.121203
https://doi.org/10.1016/j.biomaterials.2021.121203
https://doi.org/10.1016/j.yexcr.2018.02.027
https://doi.org/10.1016/j.yexcr.2018.02.027
https://doi.org/10.1016/j.yexcr.2018.02.027
https://doi.org/10.1016/j.bone.2019.07.008
https://doi.org/10.1016/j.bone.2019.07.008
https://doi.org/10.1093/intbio/zyz008
https://doi.org/10.1093/intbio/zyz008
https://doi.org/10.1093/intbio/zyz008
https://doi.org/10.1016/j.jbiomech.2017.05.012
https://doi.org/10.1016/j.jbiomech.2017.05.012
https://doi.org/10.1007/s11914-022-00748-5
https://doi.org/10.1007/s11914-022-00748-5
https://doi.org/10.1007/s11914-022-00748-5
https://doi.org/10.1016/j.bone.2017.10.025
https://doi.org/10.1016/j.bone.2017.10.025
https://doi.org/10.1016/j.bone.2017.10.025
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.1016/j.bone.2017.10.019
https://doi.org/10.1016/j.bone.2017.10.019
https://doi.org/10.1002/adbi.201700156
https://doi.org/10.1002/adbi.201700156
https://doi.org/10.1359/jbmr.060106
https://doi.org/10.1359/jbmr.060106
https://doi.org/10.1359/jbmr.060106
https://doi.org/10.1007/s00774-013-0555-5
https://doi.org/10.1007/s00774-013-0555-5
https://doi.org/10.1016/j.bone.2017.09.012
https://doi.org/10.1016/j.bone.2017.09.012
https://doi.org/10.1039/C5TB00421G
https://doi.org/10.1039/C5TB00421G
https://doi.org/10.1359/jbmr.090517
https://doi.org/10.1359/jbmr.090517
https://doi.org/10.1089/ten.tea.2017.0103
https://doi.org/10.1089/ten.tea.2017.0103
https://doi.org/10.1088/1758-5090/aba1d0
https://doi.org/10.1021/acs.biomac.0c01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.0c01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1089/ten.tea.2018.0338
https://doi.org/10.1016/j.bone.2020.115463
https://doi.org/10.1016/j.bone.2020.115463
https://doi.org/10.1016/j.bone.2020.115463
https://doi.org/10.1359/jbmr.1997.12.12.2014
https://doi.org/10.1016/j.bone.2004.07.002
https://doi.org/10.1016/j.bone.2004.07.002
https://doi.org/10.1002/jbm4.10721
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

in native matrix to mechanical loading using RNA sequencing. J. Bone
Miner. Res. 2023, 7 (4), No. e10721.

(64) Wee, N. K; Sims, N. A; Morello, R. The osteocyte
transcriptome: Discovering messages buried within bone. Curr.
Osteoporosis Rep. 2021, 19, 604—615.

(65) Gortazar, A. R; Martin-Millan, M.; Bravo, B.; Plotkin, L. L;
Bellido, T. Crosstalk between caveolin-1/extracellular signal-regulated
kinase (ERK) and f-catenin survival pathways in osteocyte
mechanotransduction. J. Biol. Chem. 2013, 288 (12), 8168—8175.

(66) Chaible, L. M.; Sanches, D. S.; Cogliati, B.; Mennecier, G.; Dagli,
M. L. Z. Delayed osteoblastic differentiation and bone development in
Cx43 knockout mice. Toxicol. Pathol. 2011, 39 (7), 1046—1055.

(67) Komori, T. Functions of the osteocyte network in the regulation
of bone mass. Cell Tissue Res. 2013, 352, 191—198.

(68) Staines, K. A.; Javaheri, B.; Hohenstein, P.; Fleming, R.; Ikpegbu,
E,; Unger, E; Hopkinson, M.; Buttle, D. J.; Pitsillides, A. A,;
Farquharson, C. Hypomorphic conditional deletion of E11/Podopla-
nin reveals a role in osteocyte dendrite elongation. J. Cell. Physiol. 2017,
232 (11), 3006—3019.

(69) Zhang, K.; Barragan-Adjemian, C.; Ye, L.; Kotha, S.; Dallas, M;
Lu, Y,; Zhao, S.; Harris, M.; Harris, S. E.; Feng, J. Q;; Bonewald, L. F.
E11/gp38 selective expression in osteocytes: regulation by mechanical
strain and role in dendrite elongation. Mol. Cell. Biol. 2006, 26, 4539—
4552, DOI: 10.1128/MCB.02120-05.

(70) Staines, K. A.; Ikpegbu, E.; Térngvist, A. E.; Dillon, S.; Javaheri,
B.; Amin, A. K; Clements, D. N,; Buttle, D. J.; Pitsillides, A. A;
Farquharson, C. Conditional deletion of E11/podoplanin in bone
protects against load-induced osteoarthritis. BMC Musculoskeletal
Disord. 2019, 20, No. 344.

(71) Delgado-Calle, J.; Sato, A. Y.; Bellido, T. Role and mechanism of
action of sclerostin in bone. Bone 2017, 96, 29—37.

(72) Morse, A.; McDonald, M. M.; Kelly, N. H.; Melville, K. M.;
Schindeler, A.; Kramer, L.; Kneissel, M.; van der Meulen, M. C; Little,
D. G. Mechanical load increases in bone formation via a sclerostin-
independent pathway. J. Bone Miner. Res. 2014, 29 (11), 2456—2467.

(73) Lin, C;; Jiang, X.; Dai, Z.; Guo, X.; Weng, T.; Wang, J.; Li, Y,;
Feng, G; Gao, X; He, L. Sclerostin mediates bone response to
mechanical unloading through antagonizing Wnt/f-catenin signaling. J.
Bone Miner. Res. 2009, 24 (10), 1651—1661.

(74) Li, X.; Han, L.; Nookaew, I; Mannen, E.; Silva, M. J.; Almeida,
M,; Xiong, J. Stimulation of Piezol by mechanical signals promotes
bone anabolism. elife 2019, 8, No. e49631.

(75) Yavropoulou, M. P,; Yovos, J. The molecular basis of bone
mechanotransduction. J. Musculoskeletal Neuronal Interact. 2016, 16
(3), 221.

(76) Meng, F.; Murray, G. F.; Kurgan, L.; Donahue, H. J. Functional
and structural characterization of osteocytic MLO-Y4 cell proteins
encoded by genes differentially expressed in response to mechanical
signals in vitro. Sci. Rep. 2018, 8 (1), No. 6716.

(77) Agoro, R;; Ni, P.; Noonan, M. L.; White, K. E. Osteocytic FGF23
and its kidney function. Front. Endocrinol. 2020, 11, No. 592.

(78) Xu, H.; Xia, M,; Sun, L;; Wang, H.; Zhang, W.-B. Osteocytes
enhance osteogenesis by autophagy-mediated FGF23 secretion under
mechanical tension. Front. Cell Dev. Biol. 2022, 9, No. 782736.

(79) Bonewald, L. F.; Wacker, M. J. FGF23 production by osteocytes.
Pediatr. Nephrol. 2013, 28, 563—568.

(80) Yang, W.; Lu, Y.; Kalajzic, I; Guo, D.; Harris, M. A.; Gluhak-
Heinrich, J.; Kotha, S.; Bonewald, L. F.; Feng, J. Q.; Rowe, D. W. Dentin
matrix protein 1 gene cis-regulation: use in osteocytes to characterize
local responses to mechanical loading in vitro and in vivo. J. Biol. Chem.
20085, 280 (21), 20680—20690.

(81) Kearns, A. E.; Khosla, S.; Kostenuik, P. J. Receptor activator of
nuclear factor kB ligand and osteoprotegerin regulation of bone
remodeling in health and disease. Endocr. Rev. 2008, 29 (2), 155—192.

(82) Goldring, S. R. The osteocyte: key player in regulating bone
turnover. RMD Open 2015, 1 (Suppl 1), No. e000049.

(83) Kulkarni, R. N.; Bakker, A. D.; Everts, V.; Klein-Nulend, J.
Inhibition of osteoclastogenesis by mechanically loaded osteocytes:
involvement of MEPE. Calcif. Tissue Int. 2010, 87 (S), 461—468.

(84) Robling, A. G.; Niziolek, P. J.; Baldridge, L. A.; Condon, K. W.;
Allen, M. R;; Alam, L; Mantila, S. M.; Gluhak-Heinrich, J.; Bellido, T.
M.; Harris, S. E.; Turner, C. H. Mechanical stimulation of bone in vivo
reduces osteocyte expression of Sost/sclerostin. J. Biol. Chem. 2008, 283
(9), 5866—5875.

(85) Yuan, B.; Takaiwa, M.; Clemens, T. L.; Feng, J. Q.; Kumar, R;
Rowe, P. S,; Xie, Y.; Drezner, M. K. Aberrant Phex function in
osteoblasts and osteocytes alone underlies murine X-linked hypo-
phosphatemia. J. Clin. Invest. 2008, 118 (2), 722—734.

(86) Donmez, B. O.; Karagur, E. R;; Donmez, A. C.; Choi, J.; Akkus,
O. Calcium-dependent activation of PHEX, MEPE and DMP1 in
osteocytes. Mol. Med. Rep. 2022, 26 (6), No. 359.

(87) Gullard, A.; Gluhak-Heinrich, J.; Papagerakis, S.; Sohn, P,;
Unterbrink, A.; Chen, S.; MacDougall, M. MEPE localization in the
craniofacial complex and function in tooth dentin formation. J.
Histochem. Cytochem. 2016, 64 (4), 224—236.

(88) Nampei, A.; Hashimoto, J.; Hayashida, K.; Tsuboi, H.; Shi, K;
Tsuji, I; Miyashita, H.; Yamada, T.; Matsukawa, N.; Matsumoto, M.;
et al. Matrix extracellular phosphoglycoprotein (MEPE) is highly
expressed in osteocytes in human bone. J. Bone Miner. Metab. 2004, 22,
176—184.

(89) Rowe, P. S. N. Regulation of bone— renal mineral and energy
metabolism: The PHEX, FGF23, DMP1, MEPE ASARM pathway. Crit.
Rev. Eukaryotic Gene Expression 2012, 22 (1), 61—86, DOI: 10.1615/
CritRevEukarGeneExpr.v22.i1.50.

(90) Addison, W. N.; Nakano, Y.; Loisel, T.; Crine, P.; McKee, M. D.
MEPE-ASARM peptides control extracellular matrix mineralization by
binding to hydroxyapatite: an inhibition regulated by PHEX cleavage of
ASARM. J. Bone Miner. Res. 2008, 23 (10), 1638—1649.

(91) Choi, J. U. A; Kijas, A. W.; Lauko, J.; Rowan, A. E. The
mechanosensory role of osteocytes and implications for bone health
and disease states. Front. Cell Dev. Biol. 2022, 9, No. 770143.

(92) Lin, X; Patil, S.; Gao, Y.; Qian, A. The bone extracellular matrix
in bone formation and regeneration. Front. Pharmacol. 2020, 11,
No. 757.

(93) Gluhak-Heinrich, J.; Pavlin, D.; Yang, W.; MacDougall, M,;
Harris, S. MEPE expression in osteocytes during orthodontic tooth
movement. Arch. Oral Biol. 2007, 52 (7), 684—690.

(94) Nasello, G.; Alaman-Diez, P.; Schiavi, J.; Pérez, M.; McNamara,
L.,; Garcfa-Aznar, J. Primary Human Osteoblasts Cultured in a 3D
Microenvironment Create a Unique Representative Model of Their
Differentiation Into Osteocytes. Front. Bioeng. Biotechnol. 2020, 8
(2020), No. 336.

(95) Irie, K; Ejiri, S.; Sakakura, Y.; Shibui, T.; Yajima, T. Matrix
mineralization as a trigger for osteocyte maturation. J. Histochem.
Cytochem. 2008, 56 (6), 561—567.

(96) Martin, A; Liu, S.; David, V.; Li, H,; Karydis, A,; Feng, J. Q;
Quarles, L. D. Bone proteins PHEX and DMP1 regulate fibroblastic
growth factor Fgf23 expression in osteocytes through a common
pathway involving FGF receptor (FGFR) signaling. FASEB J. 2011, 25
(8), 2551.

(97) Quarles, L. D. FGF23, PHEX, and MEPE regulation of
phosphate homeostasis and skeletal mineralization. Am. J. Physiol,
Endocrinol. Metab. 2003, 285 (1), E1-E9.

(98) Chen, K.; Zhou, Q.; Kang, H.; Yan, Y.; Qian, N.; Li, C.; Wang, F.;
Yang, K; Deng, L,; Qi, J. High mineralization capacity of IDG-SW3
cells in 3D collagen hydrogel for bone healing in estrogen-deficient
mice. Front. Bioeng. Biotechnol. 2020, 8, No. 864.

(99) Zhang, J.; Griesbach, J.; Ganeyev, M.; Zehnder, A.-K; Zeng, P.;
Schidli, G. N.; de Leeuw, A,; Lai, Y.; Rubert, M.; Miiller, R. Long-term
mechanical loading is required for the formation of 3D bioprinted
functional osteocyte bone organoids. Biofabrication 2022, 14 (3),
No. 035018.

(100) Wilmoth, R. L.; Ferguson, V. L.; Bryant, S. J. A 3D, dynamically
loaded hydrogel model of the osteochondral unit to study osteocyte
mechanobiology. Adv. Healthcare Mater. 2020, 9 (22), No. 2001226.

(101) Zhang, K; Ogando, C.; Filip, A.; Zhang, T.; Horton, J. A;
Soman, P. In vitro model to study confined osteocyte networks exposed

https://doi.org/10.1021/acsbiomaterials.5c00730
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://doi.org/10.1002/jbm4.10721
https://doi.org/10.1007/s11914-021-00708-5
https://doi.org/10.1007/s11914-021-00708-5
https://doi.org/10.1074/jbc.M112.437921
https://doi.org/10.1074/jbc.M112.437921
https://doi.org/10.1074/jbc.M112.437921
https://doi.org/10.1177/0192623311422075
https://doi.org/10.1177/0192623311422075
https://doi.org/10.1007/s00441-012-1546-x
https://doi.org/10.1007/s00441-012-1546-x
https://doi.org/10.1002/jcp.25999
https://doi.org/10.1002/jcp.25999
https://doi.org/10.1128/MCB.02120-05
https://doi.org/10.1128/MCB.02120-05
https://doi.org/10.1128/MCB.02120-05?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12891-019-2731-9
https://doi.org/10.1186/s12891-019-2731-9
https://doi.org/10.1016/j.bone.2016.10.007
https://doi.org/10.1016/j.bone.2016.10.007
https://doi.org/10.1002/jbmr.2278
https://doi.org/10.1002/jbmr.2278
https://doi.org/10.1359/jbmr.090411
https://doi.org/10.1359/jbmr.090411
https://doi.org/10.7554/eLife.49631
https://doi.org/10.7554/eLife.49631
https://doi.org/10.1038/s41598-018-25113-4
https://doi.org/10.1038/s41598-018-25113-4
https://doi.org/10.1038/s41598-018-25113-4
https://doi.org/10.1038/s41598-018-25113-4
https://doi.org/10.3389/fendo.2020.00592
https://doi.org/10.3389/fendo.2020.00592
https://doi.org/10.3389/fcell.2021.782736
https://doi.org/10.3389/fcell.2021.782736
https://doi.org/10.3389/fcell.2021.782736
https://doi.org/10.1007/s00467-012-2309-3
https://doi.org/10.1210/er.2007-0014
https://doi.org/10.1210/er.2007-0014
https://doi.org/10.1210/er.2007-0014
https://doi.org/10.1136/rmdopen-2015-000049
https://doi.org/10.1136/rmdopen-2015-000049
https://doi.org/10.1007/s00223-010-9407-7
https://doi.org/10.1007/s00223-010-9407-7
https://doi.org/10.1074/jbc.M705092200
https://doi.org/10.1074/jbc.M705092200
https://doi.org/10.1172/JCI32702
https://doi.org/10.1172/JCI32702
https://doi.org/10.1172/JCI32702
https://doi.org/10.3892/mmr.2022.12876
https://doi.org/10.3892/mmr.2022.12876
https://doi.org/10.1369/0022155416635569
https://doi.org/10.1369/0022155416635569
https://doi.org/10.1007/s00774-003-0468-9
https://doi.org/10.1007/s00774-003-0468-9
https://doi.org/10.1615/CritRevEukarGeneExpr.v22.i1.50
https://doi.org/10.1615/CritRevEukarGeneExpr.v22.i1.50
https://doi.org/10.1615/CritRevEukarGeneExpr.v22.i1.50?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1615/CritRevEukarGeneExpr.v22.i1.50?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1359/jbmr.080601
https://doi.org/10.1359/jbmr.080601
https://doi.org/10.1359/jbmr.080601
https://doi.org/10.3389/fcell.2021.770143
https://doi.org/10.3389/fcell.2021.770143
https://doi.org/10.3389/fcell.2021.770143
https://doi.org/10.3389/fphar.2020.00757
https://doi.org/10.3389/fphar.2020.00757
https://doi.org/10.1016/j.archoralbio.2006.12.010
https://doi.org/10.1016/j.archoralbio.2006.12.010
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.3389/fbioe.2020.00336
https://doi.org/10.1369/jhc.2008.950527
https://doi.org/10.1369/jhc.2008.950527
https://doi.org/10.1096/fj.10-177816
https://doi.org/10.1096/fj.10-177816
https://doi.org/10.1096/fj.10-177816
https://doi.org/10.1152/ajpendo.00016.2003
https://doi.org/10.1152/ajpendo.00016.2003
https://doi.org/10.3389/fbioe.2020.00864
https://doi.org/10.3389/fbioe.2020.00864
https://doi.org/10.3389/fbioe.2020.00864
https://doi.org/10.1088/1758-5090/ac73b9
https://doi.org/10.1088/1758-5090/ac73b9
https://doi.org/10.1088/1758-5090/ac73b9
https://doi.org/10.1002/adhm.202001226
https://doi.org/10.1002/adhm.202001226
https://doi.org/10.1002/adhm.202001226
https://doi.org/10.1088/1748-605X/aca37c
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

to flow-induced mechanical stimuli. Biomed. Mater. 2022, 17 (6),
No. 065027.

(102) Poudel, A.; Kunwar, P.; Aryal, U.; Merife, A.-B.; Soman, P.
Cellnet technology to generate 3D, functional, single-cell networks in
custom architectures within collagen. Biofabrication 2025, 17,
No. 025036, DOI: 10.1088/1758-5090/adc48f.

(103) Bonewald, L. F. Establishment and characterization of an
osteocyte-like cell line, MLO-Y4. J. Bone Miner. Metab. 1999, 17, 61—
65.

(104) Guo, D.; Keightley, A.; Guthrie, J.; Veno, P. A; Harris, S. E,;
Bonewald, L. F. Identification of osteocyte-selective proteins.
Proteomics 2010, 10 (20), 3688—3698.

(105) Rosser, J.; Bonewald, L. F. Studying osteocyte function using
the cell lines MLO-Y4 and MLO-AS. Bone Res. Protoc. 2012, 816, 67—
81.

(106) Cheng, B.; Kato, Y.; Zhao, S.; Luo, J.; Sprague, E.; Bonewald, L.
F.; Jiang, J. X. PGE2 is essential for gap junction-mediated intercellular
communication between osteocyte-like MLO-Y4 cells in response to
mechanical strain. Endocrinology 2001, 142 (8), 3464—3473.

(107) Zhang, K.; Barragan-Adjemian, C.; Ye, L.; Kotha, S.; Dallas, M.;
Lu, Y,; Zhao, S.; Harris, M.; Harris, S. E.; Feng, J. Q;; Bonewald, L. F.
E11/gp38 selective expression in osteocytes: regulation by mechanical
strain and role in dendrite elongation. Mol. Cell. Biol. 2006, 26 (12),
4539—4552.

(108) Cherian, P. P.; Cheng, B.; Gu, S.; Sprague, E.; Bonewald, L. F;
Jiang, J. X. Effects of mechanical strain on the function of Gap junctions
in osteocytes are mediated through the prostaglandin EP2 receptor. J.
Biol. Chem. 2003, 278 (44), 43146—43156.

(109) Cherian, P. P.; Siller-Jackson, A. J.; Gu, S.; Wang, X.; Bonewald,
L. F.; Sprague, E.; Jiang, J. X. Mechanical strain opens connexin 43
hemichannels in osteocytes: a novel mechanism for the release of
prostaglandin. Mol. Biol. Cell 2005, 16 (7), 3100—3106.

(110) Kogawa, M.; Wijenayaka, A. R.;; Ormsby, R. T.; Thomas, G. P,;
Anderson, P. H.; Bonewald, L. F.; Findlay, D. M.; Atkins, G. J. Sclerostin
regulates release of bone mineral by osteocytes by induction of carbonic
anhydrase 2. J. Bone Miner. Res. 2013, 28 (12), 2436—2448.

(111) Zhao, S.; Kato, Y.; Zhang, Y.; Harris, S.; Ahuja, S.; Bonewald, L.
MLO-Y4 osteocyte-like cells support osteoclast formation and
activation. J. Bone Miner. Res. 2002, 17 (11), 2068—2079.

(112) Kalajzic, I. A New Osteocytic Cell Line, Raising New Questions and
Opportunities; John Wiley and Sons and The American Society for Bone
and Mineral Research, 2019; Vol. 34, pp 977—978.

(113) Qin, L,; Liu, W.; Cao, H.; Xiao, G. Molecular mechanosensors
in osteocytes. Bone Res. 2020, 8 (1), No. 23.

(114) Temiyasathit, S.; Jacobs, C. R. Osteocyte primary cilium and its
role in bone mechanotransduction. Ann. N.Y. Acad. Sci. 2010, 1192 (1),
422—428.

(115) Leybaert, L.; Sanderson, M. J. Intercellular Ca2+ waves:
mechanisms and function. Physiol. Rev. 2012, 92 (3), 1359—1392.

(116) Clapham, D. E. Calcium signaling. Cell 2007, 131 (6), 1047—
10S8.

(117) Yan, Y.; Wang, L,; Ge, L,; Pathak, J. L. Osteocyte-Mediated
Translation of Mechanical Stimuli to Cellular Signaling and Its Role in
Bone and Non-bone-Related Clinical Complications. Curr. Osteoporos
Rep. 2020, 18 (1), 67—80.

(118) Hsieh, Y. F; Turner, C. H. Effects of loading frequency on
mechanically induced bone formation. J. Bone Miner. Res. 2001, 16 (5),
918-924.

(119) Donahue, S. W.; Donahue, H. J.; Jacobs, C. R. Osteoblastic cells
have refractory periods for fluid-flow-induced intracellular calcium
oscillations for short bouts of flow and display multiple low-magnitude
oscillations during long-term flow. J. Biomech. 2003, 36 (1), 35—43.

(120) McGarry, J. G.; Klein-Nulend, J.; Prendergast, P. J. The effect of
cytoskeletal disruption on pulsatile fluid flow-induced nitric oxide and
prostaglandin E2 release in osteocytes and osteoblasts. Biochem.
Biophys. Res. Commun. 2005, 330 (1), 341—348.

(121) Ponik, S. M.; Triplett, J. W.; Pavalko, F. M. Osteoblasts and
osteocytes respond differently to oscillatory and unidirectional fluid
flow profiles. J. Cell. Biochem. 2007, 100 (3), 794—807.

(122) Wang, S.; Li, S.; Hu, M.; Huo, B. Calcium response in bone cells
at different osteogenic stages under unidirectional or oscillatory flow.
Biomicrofluidics 2019, 13 (6), No. 064117, DOI: 10.1063/1.5128696.

(123) Kunwar, P.; Aryal, U.; Poudel, A.; Fougnier, D.; Geffert, Z. J.;
Xie, R.; Li, Z.; Soman, P. Droplet bioprinting of acellular and cell-laden
structures at high-resolutions. Biofabrication 2024, 16 (3), No. 035019.

(124) Lipreri, M. V.; Di Pompo, G.; Boanini, E.; Graziani, G.; Sassoni,
E.; Baldini, N.; Avnet, S. Bone on-a-chip: a 3D dendritic network in a
screening platform for osteocyte-targeted drugs. Biofabrication 2023, 15
(4), No. 045019.

(125) van Os, L.; Yeoh, J.; Witz, G.; Ferrari, D.; Krebs, P.; Chandorkar,
Y.; Zeinali, S.; Sengupta, A.; Guenat, O. T. Immune cell extravasation in
an organ-on-chip to model lung inflammation. Eur. J. Pharm. Sci. 2023,
187, No. 10648S.

(126) Helary, C.; Bataille, I; Abed, A.; Illoul, C.; Anglo, A.; Louedec,
L.; Letourneur, D.; Meddahi-Pelle, A.; Giraud-Guille, M. M.
Concentrated collagen hydrogels as dermal substitutes. Biomaterials
2010, 31 (3), 481—490.

(127) Chee, H. L.; M, Y.; Kim, J.; Koo, J. W.; Luo, P.; Ramli, M. F. H.;
Young, J. L.; Wang, F. Mechanical and Dimensional Stability of Gelatin-
Based Hydrogels Through 3D Printing-Facilitated Confined Space
Assembly. ACS Appl. Mater. Interfaces 2024, 16 (44), 61105—61114.

(128) Ghassemi, Z.; Leach, J. B. Impact of confinement within a
hydrogel mesh on protein thermodynamic stability and aggregation
kinetics. Mol. Pharmaceutics 2024, 21 (3), 1137—1148.

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acsbiomaterials.5c00730
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://doi.org/10.1088/1748-605X/aca37c
https://doi.org/10.1088/1758-5090/adc48f
https://doi.org/10.1088/1758-5090/adc48f
https://doi.org/10.1088/1758-5090/adc48f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s007740050066
https://doi.org/10.1007/s007740050066
https://doi.org/10.1002/pmic.201000306
https://doi.org/10.1007/978-1-61779-415-5_6
https://doi.org/10.1007/978-1-61779-415-5_6
https://doi.org/10.1210/endo.142.8.8338
https://doi.org/10.1210/endo.142.8.8338
https://doi.org/10.1210/endo.142.8.8338
https://doi.org/10.1128/MCB.02120-05
https://doi.org/10.1128/MCB.02120-05
https://doi.org/10.1074/jbc.M302993200
https://doi.org/10.1074/jbc.M302993200
https://doi.org/10.1091/mbc.e04-10-0912
https://doi.org/10.1091/mbc.e04-10-0912
https://doi.org/10.1091/mbc.e04-10-0912
https://doi.org/10.1002/jbmr.2003
https://doi.org/10.1002/jbmr.2003
https://doi.org/10.1002/jbmr.2003
https://doi.org/10.1359/jbmr.2002.17.11.2068
https://doi.org/10.1359/jbmr.2002.17.11.2068
https://doi.org/10.1038/s41413-020-0099-y
https://doi.org/10.1038/s41413-020-0099-y
https://doi.org/10.1111/j.1749-6632.2009.05243.x
https://doi.org/10.1111/j.1749-6632.2009.05243.x
https://doi.org/10.1152/physrev.00029.2011
https://doi.org/10.1152/physrev.00029.2011
https://doi.org/10.1016/j.cell.2007.11.028
https://doi.org/10.1007/s11914-020-00564-9
https://doi.org/10.1007/s11914-020-00564-9
https://doi.org/10.1007/s11914-020-00564-9
https://doi.org/10.1359/jbmr.2001.16.5.918
https://doi.org/10.1359/jbmr.2001.16.5.918
https://doi.org/10.1016/S0021-9290(02)00318-4
https://doi.org/10.1016/S0021-9290(02)00318-4
https://doi.org/10.1016/S0021-9290(02)00318-4
https://doi.org/10.1016/S0021-9290(02)00318-4
https://doi.org/10.1016/j.bbrc.2005.02.175
https://doi.org/10.1016/j.bbrc.2005.02.175
https://doi.org/10.1016/j.bbrc.2005.02.175
https://doi.org/10.1002/jcb.21089
https://doi.org/10.1002/jcb.21089
https://doi.org/10.1002/jcb.21089
https://doi.org/10.1063/1.5128696
https://doi.org/10.1063/1.5128696
https://doi.org/10.1063/1.5128696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1758-5090/ad4c09
https://doi.org/10.1088/1758-5090/ad4c09
https://doi.org/10.1088/1758-5090/acee23
https://doi.org/10.1088/1758-5090/acee23
https://doi.org/10.1016/j.ejps.2023.106485
https://doi.org/10.1016/j.ejps.2023.106485
https://doi.org/10.1016/j.biomaterials.2009.09.073
https://doi.org/10.1021/acsami.4c15025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c15025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c15025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.3c00677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.3c00677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.3c00677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

