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Abstract

Age-related musculoskeletal disorders, including osteoporosis, are frequent and associated with
long lasting morbidity, in turn significantly impacting on healthcare system sustainability. There is
therefore a compelling need to develop reliable preclinical models of disease and drug screening to
validate novel drugs possibly on a personalized basis, without the need of in vivo assay. In the
context of bone tissue, although the osteocyte (Oc) network is a well-recognized therapeutic target,
current in vitro preclinical models are unable to mimic its physiologically relevant and highly
complex structure. To this purpose, several features are needed, including an osteomimetic
extracellular matrix, dynamic perfusion, and mechanical cues (e.g. shear stress) combined with a
three-dimensional (3D) culture of Oc. Here we describe, for the first time, a high throughput
microfluidic platform based on 96-miniaturized chips for large-scale preclinical evaluation to
predict drug efficacy. We bioengineered a commercial microfluidic device that allows real-time
visualization and equipped with multi-chips by the development and injection of a highly stiff
bone-like 3D matrix, made of a blend of collagen-enriched natural hydrogels loaded with
hydroxyapatite nanocrystals. The microchannel, filled with the ostemimetic matrix and Oc, is
subjected to passive perfusion and shear stress. We used scanning electron microscopy for
preliminary material characterization. Confocal microscopy and fluorescent microbeads were used
after material injection into the microchannels to detect volume changes and the distribution of
cell-sized objects within the hydrogel. The formation of a 3D dendritic network of Oc was
monitored by measuring cell viability, evaluating phenotyping markers (connexin43, integrin
alpha V/CD51, sclerostin), quantification of dendrites, and responsiveness to an anabolic drug.
The platform is expected to accelerate the development of new drug aimed at modulating the
survival and function of osteocytes.

Abbreviations Cx43 Connexion-43
Dkk1 Dickkopf WNT signalling pathway
1,25 D3 1, 25 dihydroxyvitamin D3 inhibitor 1
ATP Adenosine triphosphate FBS Fetal bovine serum
ALP Alkaline phosphatase HA-Nc Hydroxyapatite nanocrystals
ab Antibody HA Hydroxyapatite
2D Bi-dimensional Oc Osteocytes
BSA Bovine serum albumin OPG Osteoprotegerin
Ca/P Calcium to phosphorous PTHrP Parathyroid hormone related protein
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PTH Parathyroid hormone

PBS Phosphate buffered saline

RANKL Receptor activator of nuclear factor
kappa-B ligand

R°T Room temperature

SEM Scanning electron microscopy

Sost Sclerostin

FCS Fetal calf serum

3D Three-dimensional

WNTs. Wingless-related integration sites

1. Introduction

The Oc is the resident cell type within the bone tis-
sue and constitute 95% of the total cell population
of bone, with an average half-life of 25 years [1-
3]. Oc reside in lacunae surrounded by the miner-
alised bone matrix, and are characterized by dend-
ritic processes (40—60/cell), which protrude in small
channels, forming a 3D lacuno-canalicular network.
The Oc 3D dendritic network is known to act as
a sensor for mechanical stimulation and to connect
each single Oc with, surrounding elements, including
other Oc, osteoblasts, blood vessels, nerve cells, and
bone marrow cells [4-7]. Indeed, Oc are multifunc-
tional and dynamic cells and through the develop-
ment of the 3D dendritic network integrate hormonal
signals and mechanical stimuli and, as a response,
serve as a master regulator of bone remodelling and
homeostasis. In these cells, fluid flow shear stress
and molecular signals are sensed by specific recept-
ors [e.g. PTH, PTHrP and 1,25-Dihydroxyvitamin
D3, or pro-inflammatory cytokines [8]] that activ-
ate downstream signalling pathways or induce the
release of paracrine factors to influence osteoblast
and osteoclast functions, including cell differen-
tiation, activity, and survival [1, 4, 6, 9]. The
most studied signalling pathways and molecules are
nitric oxide, prostaglandins, adenosine triphosphate,
WNTs, (Dkk1, a pro-osteogenic Wnt pathway ant-
agonist), receptor activator of nuclear factor kappa-
B ligand (RANKL, the pro-osteoclastogenic factor),
RANKL decoy receptor OPG, fibroblast growth
factor-23, vascular endothelial growth factor, and
sclerostin (Sost), that inhibits osteoblast function and
differentiation [6, 10].

Nowadays, retaining Oc viability and activity is
of paramount importance to maintain an healthy
bone [2, 11], since its dysregulation can lead to
reduced bone mass and bone fragility, and thus,
to skeleton disorders, such as osteonecrosis, scler-
osteosis, osteogenesis imperfecta, and osteoporosis
[12, 13]. Oc functions can be altered by several
common factors like the chronic use of drugs (e.g.
glucocorticoids), some hereditary conditions, aging,
inflammation [14], systemic diseases, such as diabetes
[15], and even cancer [16]. Meticulous studies in
the past 15 years have prompted the development of
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innovative therapeutic agents that can treat these con-
ditions, with an anabolic effect on bone, like antibod-
ies against Sost (e.g. Romosozumab, Blosozumab)
suggested for the treatment of osteoporosis [17],
or teriparatide (PTH1-34) suggested for osteogen-
esis imperfecta and osteoporosis [18-22]. In par-
ticular, teriparatide has both an anabolic effect in
osteoblasts and anti-apoptotic effects in Oc by tar-
geting Wnt-1 inducible signalling pathway protein 2
and Sost signalling. However, currently available pro-
anabolic drugs are very few and none are in exper-
imental phase II or III. This may be partially due
to the lack of adequate preclinical in vitro models
that can recapitulate the 3D structure of the Oc net-
work. Bidimensional models on 2D plastic, or 2.5D
using collagen coating, are possibly too simplistic for
the development of targeting approaches and may
hide the risk of overestimated results about treatment
efficacy as opposed to 3D models that bear the poten-
tial to be more predictive of drug response [23]. Per
contra, cultivating Oc in vitro in 3D device is a real
challenge.

To date, to recapitulate the 3D Oc microenvir-
onment, several natural and synthetic matrices have
been explored. In particular, to mimic the organic
component of bone like polyethylene glycol hydro-
gels, collagen solution or collagen/Matrigel” blends,
gelatin and gelatine methacrylate (GelMa) have been
used [24-29]. To mimic the inorganic component
of bone, which is primarily composed by nano-HA,
ceramic scaffolds, like beads made of tricalcium or
biphasic calcium phosphate, have been used. These
have been directly seeded with cells or pre-coated with
liquid collagen, and perfused with medium [30-33].
Despite the inherent advantages of these solutions,
recapitulation of the 3D dendritic morphology has
been difficult to achieve, suggesting the need of devel-
oping matrices to be combined with 3D devices that
allow a homogeneous cell distribution over the mat-
rix, adequate perfusion, and compatibility with cel-
lular structures and functionality. On this regard, the
combined use of 3D matrices and inorganic phase, or
the culture of Oc in a perfused microfluidic channel
filled with a crosslinked matrix has never been con-
sidered, or neither proposed for the set-up of large-
scale microfluidic drug screening platforms [34]. In
accordance with the European Union’s regulation on
the 3R rule (Replacement, Reduction, Refinement),
the development of such a device would greatly
reduce need for animal models that is currently the
gold standard for the preclinical evaluation of new
drugs [35, 36].

For the establishment of a screening platform
for Oc-targeted drugs, the combination of colla-
genic extracellular matrix (ECM), with bone apat-
ite, and shear-stress is also crucial since ECM stiff-
ness/softening modulates the level of perfusion and,
thus, determines the amount of drug that permeates
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through the tissue and reaches the target [37, 38]. It
also modulates the response to drugs through bio-
logical mechanisms by directly stimulating specific
cellular signalling [39]. Furthermore, collagen, bone
apatite and fluid flow shear stress promote viability
and differentiation of osteogenic cells, including Oc
[9, 40] and, thus, may indirectly change the activ-
ity of anabolic drugs. However, the development of
a collagenic matrix that can be loaded in a micro-
fluidic channel present some limitations and only
a few matrices are available for this purpose [41].
Indeed, such a matrix should: (1) possess such physi-
cochemical characteristics as to be biocompatible; (2)
allow to be mixed with cells in liquid state; (3) allow
the loading into microfluidic chambers; (4) allow its
homogeneous distribution in the microchannel; (5)
once loaded, become a gel without the use of cyto-
toxic crosslinking agents; (6) keep their characteristics
till the end of the whole culture.

In this work, to mimic the network and the
dynamic microenvironment of Oc for drug screen-
ing, we obtained an Oc dendritic network within
a 3D microscaled bioreactor based on the use of a
multi-chip microfluidic device. The cell-containing
microchannels were filled with an osteomimetic mat-
rix, enriched with Type I collagen and HA Ncs (HA-
Nc), perfused and stimulated by shear stress, and then
deeply characterised for the maintenance of Oc viab-
ility and expression of Oc specific markers as well as
for drug response.

2. Experimental procedures

2.1. Preparation and loading in the microfluidic
channel of matrix-embedded microspheres

2.1.1. Microfluidic support

To develop the dendritic network of Oc in a micro-
fluidic platform, we used a multi-chip device with
96 chips (Two-lane OrganoPlate” device, 9605-400-
B, Mimetas BV, Leiden, the Netherlands). Each chip
consisted of two contiguous microfluidic channels
with dedicated inlets and outlets, and an observa-
tion window that allowed real-time monitoring of
the 3D culture (figure 1(a)). Channel A is dedicated
to medium perfusion, while channel B is used to
in-gel culture (figure 1(a)). The channels are separ-
ated by membrane-free PhaseGuideTM technology,
allowing culture medium to diffuse from channel A
towards the porous gel located in channel B. During
the cell culture, the plate is placed on an interval
rocker (Perfusion Rocker Mini, Mimetas), which tilts
between a +7° and —7° inclination every 8 min. This
creates bi-directional flow in the perfusion channel,
resulting in pulsatile flow with a peak fluid shear stress
(FSS) of 2.0dyne cm™ [42], and ensures constant
oxygen and nutrient exchange. As a result, continu-
ously exposed to culture medium diffusion from the
perfusion channel, while cells at the interface between
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the two channels are subjected to FFS. We also con-
ducted a permeability assay with FITC-dextran (20
KD) fluorescent solution to qualitatively confirm cul-
ture medium diffusion from the perfusion channel to
the in-gel culture channel (supplementary figure 1).
The model was designed so that the cells-enriched
matrix blend could be loaded in a liquid state, into the
microchannel and patterned using a surface tension
technique called phase guiding [43]. Following this
technique, after matrix thermal-crosslinking at 37 °C,
the culture medium could be injected in the adjacent
microchannel A, allowing for membrane-free perfu-
sion which is crucial to maintain cell viability and the
formation of the Oc dendritic network [44].

2.1.2. Collagenic matrix

To reproduce the organic component of bone ECM,
we chose Matrigel® (Corning, New York, USA) and
Cultrex™ 3D Culture Matrix Rat Collagen (from now
on Cultrex™, R&D systems, Minneapolis, MN, USA).
Unlike other hydrogels, they can be processed under
mild conditions that are compatible with cell viabil-
ity, because: (i) once loaded in the microfluidic chan-
nel, their gelation occurs in a short time (15 min),
thus avoiding cells deposition on the bottom of
the channel; (ii) the gelation of the hydrogels is
temperature-dependent and does not require toxic
reagents. For Matrigel”-mixtures, we diluted the pure
Matrigel” at 90% or 75%. For material character-
ization, Matrigel® was diluted with PBS, while for
the subsequent biological characterization Matrigel”
was diluted with rat tail collagen type I, 0.01% v/v
in PBS. For Cultrex , 1 M HEPES, pH 8.0, 37 g I'!
NaHCO3 and an 8.44 mg ml™! rat tail collagen type
I were mixed at 1:1:8 ratio to a final collagen con-
centration of 4.0 mg ml~!. The gel were then loaded
through the gel inlet of channel B in the Two-
lane OrganoPlate” device (9605-400-B, Mimetas BV,
Leiden, the Netherlands). The plate was incubated
at 37 °C for 15 min to allow gelation of the mat-
rix. After gelation, a total of 150 pl of cold alpha
Minimum Essential Medium («MEM, Sigma) sup-
plemented with 2.5% FCS and 2.5% FBS added with
1% penicillin/streptomycin was added to the medium
inlet and outlet. Perfusion was started by placing the
device on an interval rocker (Perfusion Rocker Mini,
Mimetas) switching between a +7° and —7° inclina-
tion every 8 min (37 °C, 5% CO2) thus allowing bi-
directional flow to achieve perfusion of the medium
through the chip. Medium was refreshed every three
days post-injection

2.1.3. HA Ncs

We added different amounts of stoichiometric HA-
Nc. HA-Nc were synthesized and characterized as
previously described [45, 46]. HA-Nc¢ have mean
dimensions of about 200 nm X 40 nm and are
biocompatible when cultured with endothelial cells
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Figure 1. Set-up of the microfluidic model and of the matrix blend of 3D Oc cultures. (a) 2-chip microfluidic plate used in this
study and schematic representation of the perfused channel A and the channel B used for the hydrogel injection mixed with
fluorescent microspheres (MP) or cells. (b) Volume render of the confocal acquisition of channel B injected with hydrogel

mixed with MP. (c) Merge of 86 z-scans of representative chips for each of the tested different types of hydrogel, used for the
quantification of clusters (white circles). (d) Graph of the fluorescent microspheres distribution over the z axis 24 h after the
hydrogel injection (as evaluated by the percentage error of n of microspheres/scan). (e) Box-plot graph of the volume of clusters
of microspheres or single microspheres as an index of the tendency of microspheres to form clusters within the specific hydrogel.
(f) Graph of the microsphere distribution over the z axis over time (as evaluated by the percentage error of n of
microspheres/scan). (g) In the upper panel, merge of 86 yx-scans of a representative chip to show the distance of the matrix from
the external wall of the channel B, as a measure of the retraction of the matrix over time; in the lower panel graph of the measured
distance from the external wall of the channel B, of the microsphere-containing matrix over time. (h) Merge of z-scan of channel
B to show matrix retraction and surface degradation at the gel/liquid meniscus (white dotted line) over time (red arrow, point of
erosion).
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[45]. We diluted autoclave sterilized HA-Nc powder
in the Type I collagen solution that was then used to
prepare the matrix mixture as described in § 2.1.1. We
then ultrasonicated the HA-Nc solution for 10 min at
R°T. We used a HA-Nc¢ concentration to reach a final
value 0f 0.1-0.2-0.4-0.8% (w/v) in the injected matrix
mixture, that was prepared as described in § 2.1.1.

2.2. Characterization of the technical parameters of
matrix mixtures

2.2.1. Dispersion of autofluorescent microspheres
within the matrix

For each chip, we pelleted 20.000 Tetraspeck TM
Microspheres (Life Technologies, Carlsbad, CA, USA)
by centrifugation at 8 xg for 5 min, and then
we resuspended with 2.3 ul of each matrix mix-
tures (Matrigel” 75%, Matrigel” 90%, Cultrex ), sep-
arately. The microspheres-enriched matrices were
loaded in the gel channel (channel B) in the micro-
fluidic device, as previously described (§ 2.1.2). As
a measure of microsphere dispersion, we detected
the fluorescent signal of Tetraspeck TM Microspheres
within the microchannel B (figure 1(b)). For image
acquisition of channel B, after 1-3-7-11 d of incuba-
tion, we used A1R MP confocal microscope (object-
ive 20 air, numerical aperture 0.75, refractive index
1, Resonant scanning, zoom at 1, z-step 2 um, 86 Z-
stack loops with Ni-E ZDrive, Nikon). For the excit-
ation, we used 402.7 laser power at 6.7, PMT HV
117, PMT Offset 0, pinhole size 14.05 pm, and scan
speed 7.5. For the analysis and automatic quantifica-
tion, we used NIS FElements AR 5.40.01. As an index
of microsphere dispersion, we used the percentage
error (standard deviation x 100/absolute value) of
n of microspheres/scan (n = 86 scan), in five differ-
ent chips for each condition. For this assay, we used
the ‘Define threshold’ and ‘Perform measurement’
functions.

2.2.2. Cluster formation of autofluorescent
microspheres within the matrix

The same images, acquired as described in § 2.2.1,
were used to quantify the tendency to form clusters
of microspheres. As an index, we used the max
volume of the detected objects. For the automatic
measurements, we used the ‘3D threshold’ and ‘3D
object measurement’ functions. For each condition,
we measured 5 different replicates.

2.2.3. Matrix retraction and surface degradation

The same images, acquired as described in § 2.2.1 at
0-1-3-7-11 d, were used for the quantification of the
tendency of matrix to retract and degrade at the sur-
face. As an index, we used the distance of the first
fluorescent signal, coming from the microspheres,
detected from the edge of the outer side wall of the B-
channel towards the phase guide, as manually meas-
ured. For each condition, we measured five different
replicates.
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2.2.4. Electron microscopy analysis

HA-Nc dispersion within Matrigel® 75% was eval-
uated by SEM analysis. This analysis has been per-
formed on macroscale bulk samples of Matrigel”
75% diluted with Type I collagen (Sigma), with (0.1-
0.2-0.4-0.8% w/v), and without HA-Nc. Matrices
were prepared as described in § 2.1.1 and § 2.1.2,
and, for each sample (n = 2 samples per con-
dition), 500 pl of blend were dispensed dropwise
in a 24-wellplate. The plate was then incubated at
37 °C for 15 min to allow gelation of the matrix.
Samples were fixed with 2% glutaraldehyde (Merk,
Darmstadt, Germany) in 0.1 M sodium cacodylate
buffer (Sigma), and washed in 0.1 M sodium caco-
dylate buffer. Complete dehydration was achieved in
graded alcohol series and hexamethyldisilane tetr-
oxide (Electron Microscopy Sciences, Hatfield, PA,
USA). Samples were sputter-coated with gold and
observed by a field emission gun scanning electron
microscope (FEG-SEM, Tescan Mira3, CZ, working
distance = 10 mm, voltage = 5 kV).

2.2.5. Rheological characterization

We performed amplitude sweep test, frequency test,
and viscosity evaluation on all samples (Cultrex ,
Matrigel 90%, Matrigel 75% and Matrigel 75% with
nanoparticles of HA 0.1% w/v) at both 4 °C and
37 °C. The temperature of 4 °C represents the gel’s
temperature during loading into the microfluidic
channel before the thermal gelation process begins,
while 37 °C represents the temperature during cell
culture. The amplitude sweep was conducted at a
fixed frequency of 1 Hz for Cultrex” and 0.3 Hz for
Matrigel samples for the measurement performed at
4 °C, while a frequency of 1 Hz was applied at all
the measurements performed at 37 °C. In both con-
ditions, the shear stress range applied for the linear
viscoelastic region (LVER) determination was 0.01-
100 Pa. The frequency Sweep Test was performed in
the LVER, where the structural integrity of the mater-
ial is not affected. The test was conducted in the
range of 0.01-10 Hz and at a fixed shear stress of
0.1 Pa for Cultrex” and Matrigel 90% samples and
0.05 Pa for the Matrigel 75% samples in the meas-
urements at 4 °C. In the measurements at 37 °C the
shear stress was of 1 Pa for all samples. The viscos-
ity of the material was determined as a function of
the applied shear stress. The measurements were per-
formed in the range of absolute value of shear of 0.1-
1000 1/s for both Cultrex " and Matrigel samples at
4 °C and 37 °C. The rheological test were performed
as an external service by an external service (Alphatest
Lab, Italy).

2.3. Cell cultures
2.3.1. 2D cultures
Murine MLO-Y4 and MLO-A5 Oc-like cells deriv-
ing from Oc primary cultures were obtained from
Kerafast (Boston, MA, USA). These cells have been
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extensively characterized and express specific Oc
morphology, behaviour and markers [47, 48]. MLO-
Y4 cells were maintained in alpha-MEM medium
supplemented with 2.5% FCS, 2.5% FBS, and 1%
penicillin/streptomycin, whereas MLO-AS5 cells were
maintained in alpha-MEM medium supplemented
with 5% FCS, 5% FBS, and 1% penicillin/streptomy-
cin. Cells were cultured only up to the 40 passages.
For 2D experiments, cells were seeded on eight-well
chamber slides pre-coated with 0.01% v/v rat tail Type
I collagen in PBS (Sigma). Medium was changed every
three days.

2.3.2. 3D cultures

For 3D microfluidic and perfused cultures, MLO-
Y4 and MLO-A5 cells were detached for 2D sup-
port when at semi-confluence (70%), washed with
PBS and counted. Pelleted cells were resuspended in
Matrigel® 75% and loaded in the gel channel of the
Two-lane OgranoPlate” device (9605-400-B, Mimetas
BV) (10.000 cells/chip). To choose the optimal dilu-
tion solution to obtain Matrigel® 75%, we assayed
the effect on cell viability of Matrigel” diluted with:
(i) culture medium, (ii) rat tail collagen type I from
Sigma (#C-7661), 0.01% v/v in PBS, (iii) neutralised
Cultrex™ 0.01% v/v in PBS.

2.4. Cell viability and cytotoxicity

2.4.1. Live-dead assay with automated scanner
(confocal microscope)

The cell viability was determined wusing the
LIVE/DEAD™ Cell Imaging Kit (# R37601, Thermo
Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s protocols. Briefly, for 2D samples,
cells were washed once with PBS and then incub-
ated with the live/dead staining mixture for 15 min at
37 °C in the dark. After incubation, cells were washed
once again with PBS and then observed by confocal
microscopy. For image acquisition of channel B, we
used A1R MP confocal microscope (objective 20 air,
numerical aperture 0.75, refractive index 1, Resonant
scanning, zoom at 1). For the excitation, we used
487.2 laser power at 5.0, PMT HV 14, PMT Offset 0,
and 561.3 laser power at 1.2, PMT HV 43, PMT Offset
0, pinhole size 58.75 pm, line average 4, scan speed
7.5. For the analysis and automatic quantification, we
used NIS Elements AR 5.40.01 and the ‘bio analysis’
application and ‘cell count analysis’ function.

For 3D samples, matrix-embedded cells within
the microchannel B were washed once with PBS
(200 pl total volume added in the inlets and out-
lets) and then incubated with the live/dead stain-
ing mixture (110 ul total volume added in the inlets
and outlets) for 20 min at 37 °C in the dark. After
incubation, cells were washed once again with PBS as
described above, and then observed by manual con-
focal microscopy. For image acquisition of channel
B, we used A1R MP confocal microscope (objective
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20x air, numerical aperture 0.75, refractive index 1,
Resonant scanning, zoom at 1, z-step 6 pum, 30 Z-
stack loops with Ni-E ZDrive, Nikon). For the excit-
ation, we used 487.2 laser power at 6.0, PMT HV 44,
PMT Offset 0, and 561.3 laser power at 2.5, PMT HV
43, PMT Offset 0, pinhole size 57.47 pm, line average
4, and scan speed 7.5. For the analysis and automatic
quantification, we used NIS Elements AR 5.40.01. For
automatic cell count, we used the ‘3D threshold’ and
3D object measurement’ functions. We then calcu-
lated the percentage of viable cells (green) with the
following equation: [(n. of green objects) x 100]/(n.
of green objects + n. of red objects). For both types of
cultures, we calculated the percentage of viable cells
(green) with the following equation: [(n. of green
objects) x 100]/(n. of green objects + n. of red
objects), and measured 8 different replicates for each
condition.

2.4.2. Calcein-AM/Hoecst33342 assay with automated
cell imaging system (fluorescent inverted microscope)
MLO-Y4 cells were detached for 2D support when at
semi-confluence (70%), washed with PBS, counted,
and mixed with Matrigel® 75% (diluted with Type I
collagen, Sigma, and with HA-Nc at 0.1% w/v), and
then loaded in Two-lane OrganoPlate” device (10.000
cells/chip). After 24 h, we added to the medium dexa-
methasone [1 x 107° or 3 x 10~° M] (Sigma), with
or without teriparatide [100 nM] (Sigma). After addi-
tional seven days, we incubated cells with calcein-
AM (Molecular Probes) and Hoecst33342 (Sigma)
for the staining of live and dead cells. For automated
image acquisition and analysis we used ImageXpress
(objective 4x, Molecular Devices, San Jose, CA,
USA). Cells that were positive for both calcein-
AM and Hoecst33342 (co-localization of green and
blue, respectively) were considered as live cells. Cells
that were stained only for Hoecst33342 were con-
sidered as dead cells (blue only). For the automatic
cell counting we used the CellReportXpress software
(Molecular Device). We performed 14 replicates for
each conditions.

2.4.3. Annexin-V assay with automated cell imaging
system (fluorescent inverted microscope)

MLO-Y4 cells were detached from the 2D support
when at semi-confluence (70%), washed with PBS,
counted, and mixed with Matrigel® 75% (diluted with
Type I collagen, Sigma, and with HA-Nc at 0.1%
w/v), and then loaded in Two-lane OgranoPlate”
device (10.000 cells/chip). After 24 h, we added to the
medium dexamethasone [3 x 10~° M] (Sigma), with
or without teriparatide [100 nM] (Sigma). After addi-
tional six days, we performed the Annexin-V assay
on live cells, according to the manufacturer protocol
with few modifications (#V 13245, Molecular Probes,
Eugene, OR, USA). Briefly, matrix-embedded cells
within the microchannel B were washed once with
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PBS (200 pl total volume added in the inlets and
outlets) and then incubated with the Alexa Fluor
488 Annexin V/PI/binding buffer solution (70 pul
total volume added in the inlets and outlets) forl5
min at 37 °C in the dark. After washing with PBS,
for automated image acquisition and analysis we
used ImageXpress Pico and CellReportXpress soft-
ware (objective 4x, Molecular Devices). We per-
formed 8 different replicates for each condition.

2.5. Immunofluorescence

After three days of culture as described in § 2.3,
both 2D and 3D samples were washed once with
PBS, then fixed in 100% cold methanol, and blocked
with 1% BSA. As primary antibodies, we used anti-
connexin-43 (Cx43) rabbit polyclonal Ab (#ab11370,
Abcam, Cambridge, UK) and anti-CD51 rabbit
polyclonal Ab (#ma5-32195, Invitrogen, Waltham,
MA, USA). As secondary antibodies, we used anti-
mouse or anti-rabbit Alexa Fluor 488 nm antibod-
ies (Life Technologies). For the staining of polymeric
actin (F-actin), we used phalloidin-TRITC (Sigma,
0.5 g ml™!). Nuclei were stained with Hoechst 33258
(Sigma).

2.6. Dendrite elongation assay with automated
scanner (confocal microscope)

To evaluate the formation of a dendritic network in
3D cultured Oc, we cultured, fixed, and stained the
cells as described in § 2.5. For the visualization and
quantification of the formed dendrites in the 3D Oc
network, we stained with the anti- beta-actin rabbit
polyclonal Ab (#4970 Cell Signalling, Danvers, MA,
USA) that stains the total beta-actin protein (both G
and F- forms) that is spread through the cytosol. As
secondary antibodies, we used the anti-rabbit anti-
body Alexa Fluor 488 nm (Life Technologies). Nuclei
were stained with Hoechst 33258. For image acquisi-
tion of channel B, we used A1R MP confocal micro-
scope (objective 20 air, numerical aperture 0.75,
refractive index 1, Resonant scanning, zoom at 2, z-
step 1.75 pm, 93 Z-stack loops with Ni-E ZDrive,
Nikon). For the excitation, we used 402.7 laser power
at 7.7, PMT HV 89, PMT Offset —24, and 487.2
laser power at 10.6, PMT HV 70, PMT Offset 0, pin-
hole size 63.86 um, line average 4, and scan speed
7.5. For the analysis and automatic quantification,
we used NIS Elements AR 5.40.01 and, as a para-
meter to evaluate the average length of the branches
of the cellular network, we used the ‘average length
major axis of branches’. This was automatically calcu-
lated by using in the ‘Binary setting, among the 3D
Processing/Morphology commands, the ‘skeletonize’
function (supplementary video 1). After this image
pre-processing, we applied the automatic measure-
ment of 3D objects. For each chip, we quantified three
different fields, and we replicated each condition for
6 different chips.

M Lipreri et al

2.7. RNA isolation and Q-RT-PCR

MLO-Y4 cells were cultured in 2D and 3D condi-
tions, as described in § 2.3. For 2D condition, cells
were cultured in 24-well plates precoated with rat
tail Type I collagen 0.01% v/v in PBS. For 3D condi-
tions, cells were cultured in a Two-lane OrganoPlate®
device (9605-400-B, Mimetas BV) (10.000 cells/chip)
within the osteomimetic matrix (with HA-Nc at 0.1%
w/v) or in the collagenic matrix w/o HA-Nc. After
two days of culture, total RNA was extracted from
both the 2D and 3D cell cultures using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific). For 2D cul-
tures, TRIzol was added directly to cells to obtain
cell lysates. For 3D cultures, to obtain single-cell sus-
pensions from matrices, the cell/matrix mix that was
extracted from the microfluidic channel was prelim-
inary digested using the Tumor Dissociation Kit, in
combination with the gentleMACS Octo Dissociator
(Miltenyi Biotec). The dissociated cells were then
passed through a 30 pum diameter filter (Miltenyi
Biotec) to remove any residual matrix, centrifuged,
and lysed in TRIzol. For both 2D and 3D cultures,
total RNA was reverse transcribed with MuLV reverse
transcriptase (Applied Biosystems, Thermo Fisher
Scientific). Real-time Polymerization Chain Reaction
(Real-time PCR) was then performed to analyse spe-
cific gene expression by amplifying 500 ng of cDNA
using the CFX96Touch instrument (Biorad) and
the Universal Probe Library system (Roche Applied
Science). Probes and primers were selected using the
web-based assay design software (ProbeFinder: www.
roche-applied-science.com) (table 1). Results were
normalized to TATA-box binding protein according
to the 27 24CT method.

2.8. ALP assay

Oc were cultured in 2D and 3D conditions, as
described in § 2.3. After seven days of culture, cyto-
chemical staining for alkaline phosphatase activ-
ity (ALP) was performed using a commercial kit
(Leukocyte Alkaline Phosphatase Kit, Sigma).

2.9. HA-Nc cellular uptake

2.9.1. Confocal microscope

MLO-Y4 cells were cultured in 2D conditions as
described in § 2.3.1. We added HA-Nc 0.1% w/v to
the cell supernatant and incubated it for three days
in standard culture conditions. The internalization of
HA-Nc was analysed by confocal microscopy (A1R
MP confocal microscope) and by taking advantage of
HA-Nc autofluorescence. In particular, we use laser
561.3 (power 19.2, gain 9, pinhole 43.42, emission
611.2-661.2 A, Galvano scanner, objective 60x oil,
numerical aperture 1.4, refraction index 1.515, z-step
0.3 pm, 44 Z-stack loops with Ni-E ZDrive, scan
speed 0.25, line average 2).
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Table 1. Probes and primers.
Gene Full name Accession Number  Primers Probe
TBP (Mus Musculus) ~ TATA-box binding protein NM_013684.3 F = ggcggtttggctaggttt 107
R = gggttatcttcacacaccatga
Cx43 (Mus Musculus)  Connexin 43 (alpha-1 gap junction) M63801.1 F = agcccgaactctecttttct 75
R = cgctecagtcacccatgt
SOST (Mus Musculus) ~ Sclerostin AF326740.1 F = tcctgagaacaaccagacca 16
R = ggcgtcatagggatggtg
2.9.2. SEM the matrix structure after prolonged passive perfu-

MLO-Y4 cells were cultured in 2D conditions on
rounded cover slides (diameter 6 mm) that were pre-
coated with Type I collagen. Cover slides with cells
were then inserted in a 48-well plate and cultured
as described in § 2.3.1. Cells were then cultured
as described in § 2.3.1. After 24 h from seeding,
we added HA-Nc 0.1% w/v to the cell supernatant
and incubated for three days in standard culture
conditions. Cells were then washed and fixed with
2% glutaraldehyde (Merk) in 0.1 M sodium caco-
dylate buffer (Sigma), washed in 0.1 M sodium
cacodylate buffer, and post-fixed in 1% osmium
tetroxide (Electron Microscopy Sciences) in 0.1 M
sodium cacodylate buffer. Complete dehydration was
achieved in graded alcohol series and hexamethyl-
disilane tetroxide (Electron Microscopy Sciences).
Samples were sputter-coated with gold and observed
by a FEG-SEM (Tescan Mira3, CZ, working dis-
tance = 10 mm, voltage = 10 kV).

2.10. Statistical analysis

Because of the small number of observations, we
did not consider the data normally distributed and
therefore used non-parametric tests. For statistical
analyses, we used GraphPad Prism 7.0 software
(GraphPad Software). For differences between the
two groups, we used the two-tailed Mann-Whitney
U test; for the analysis of correlation, we used the
Spearman test (one-tailed). For all the experiments,
we expressed values as the mean =+ standard error of
the mean (SEM) and considered only p < 0.05 values
statistically significant.

3. Results

3.1. Matrigel®/type I collagen blend is the optimal
injectable matrix to culture Oc in the perfused
microchannel

To mimic in vitro the ECM of Oc, we chose among
two different injectable organic matrices and dilu-
tions: Matrigel® 90%, Matrigel® 75%, and Cultrex" .
We selected the best type of matrix and dilution
based on the capacity to allow an optimal cell dis-
tribution within the matrix after the loading in the
microfluidic channel and based on the stability of

sion. However, to characterize an injectable matrix
that gelate in situ, in a ‘closed’ microchip, is a diffi-
cult task. Therefore, to observe and analyse the 3D
distribution of Oc cell-bodies-sized objects (Oc cell-
body diameter 5-20 ym [49]) within the matrix, over
time, and to visualize the borders of the matrix (used
here to indirectly assess surface degradation), we used
commercial autofluorescent microspheres (diameter
4 pm), that can be easily detected by confocal micro-
scope (figure 1). First, 24 h after matrix injection, we
observed a homogeneous z-axis distribution of the
microspheres in both Matrigel® 90 and 75%. In con-
trast, for Cultrex , we observed a greater tendency to
form clusters of microspheres, measured as the tend-
ency to form larger fluorescent objects, and a greater
percentage error in the number of microspheres/s-
can (figures 1(c)—(e)). In addition, as a measure of
durability and stability in a shear-stressed and per-
fused environment, we also quantified the mainten-
ance of the distribution of the microspheres in the z-
axis over time (figure 1(f)), the distance of the first
fluorescent signal detected from the edge of the outer
side wall of the B-channel towards the phase guide
(figure 1(g)), and also the changes in the shape of
gel/liquid (matrix/medium) meniscus, at the bound-
ary between channel A and B, over time, which could
be discerned from the fluorescence signals of the
microspheres dispersed in the matrix (figure 1(h)).
These analyses showed that Cultrex" tended to shrink
and form a solid, compact clot, which was not eroded
by the constant perfusion of the medium and yet
detached from the wall of channel B, and invaded the
adjacent channel A, as the days passed. Indeed, the z-
axis dispersion of microspheres in the Cultrex  mat-
rix remained unchanged over time, suggesting that
the microspheres did not move from their original
position. The Matrigel”-based mixtures, on the other
hand, did not detach from the side wall and showed
a slow and gradual erosion of the meniscus profile,
but without drastically damaging the structure and
pattern of the matrix, at least up to ten days of cul-
ture. We do not know whether these different mat-
rix behaviours were due to volume collapse, stiff-
ness differences, or phase transition, but based on
these characteristics, Cultrex” was not used further
and we selected the 75% Matrigel® for subsequent
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Figure 2. Culturing the Oc in the microfluidic chip with different hydrogels: (a) Schematic representation of Oc culture in the
microfluidic chip. (b) Viability (live-dead) of MLO-Y4 cells after three days in different Matrigel® mixtures.

experiments. Indeed, the parameters of Matrix 75%
were almost the same as those of 95% Matrigel”, but
it had better manual injectability and showed fewer
microspheres dispersion over time (at 11 d vs 1 d,
for Matrigel® 75% *p = 0.0159, for Matrigel® 90%
**p = 0.0079). To improve Oc viability and dend-
ritic network formation, we also considered differ-
ent liquid collagen solutions for matrix mixing and
compared their effect on Oc viability in the micro-
fluidic device (figure 2(a)): in terms of viability, all
the conditions analysed did not differ significantly in
respect to the normal culture medium (figure 2(b)).
The final blend we used from here on was Matrigel”
diluted 75% in a 0.01% v/v Type I collagen solution in
PBS.

3.1.1. Rheological characterization of the gels

The rheological tests performed on Cultrex ,
Matrigel 90% and Matrigel 75% gave information
on LVER of the gels, their viscoelastic response,
the elastic modulus and the viscosity. The larger
LVER, that means more stability to the deforma-
tion stress, was achieved in the test performed at
37 °C, probably due to the cross-linking of the
samples that occurs during the loading on the
warm plate (supplementary figures 2(a) and (b)).
Moreover, at 37 °C the phase angle ¢ indicates
a ‘solid like’ behaviour for all the samples tested
(values <45°, supplementary figure 2(b)). On the
other hand, in the tests at 4 °C, all the Matrigel-based
samples show a § > 45°, indicating a ‘liquid like’
behaviour, except for the Cultrex sample (§ < 45°,
supplementary figure 2(a)). According to these res-
ults, at 4 °C Cultrex  exhibit a wider LVER and a
complex shear stress modulus G* two orders of mag-
nitude higher than Matrigel based gels. The frequency
sweep test confirms the previous observations com-
paring the measurement at 4 °C and 37 °C: in the
latter condition, all samples show an elastic beha-
viour quite stable in the measurement range, with a

phase angle § < 45°. In the tests at 4 °C, only Cultrex
sample shows a § < 45°. On the contrary, the Matrigel
samples exhibit the predominance of viscous beha-
viour, with a phase angle § > 45°. These last samples
seem to not well support the shear stress applied
and/or the geometry in the range of frequency above
1 Hz. The crossover frequency marks the transition
from viscous to elastic behaviour, as shown by the G’
and G” modules in supplementary figure 2(c) and by
the drift of the phase angle. The same sample analysed
at 37 °C (therefore crosslinked) shown a predominant
elastic behaviour throughout the measuring range, as
reported in supplementary figure 2(d). The viscos-
ity curves performed at 4 °C define the macroscopic
differences observed between the samples. Cultrex
was the higher viscosity sample, while the viscosity
decreases with the dilution applied in the Matrigel-
based samples (supplementary figures 3(a) and (b)).
In the case of test performed at 37 °C the range of
values recorded appears narrow down, probably by
the cross-linking of samples that occurs during the
loading (supplementary figure 3(b)).

3.2. MLO-Y4 morphology is different in 3D vs 2D
cultures, whereas viability is unaffected

To assess the viability of the 3D Oc culture, we used
both fully differentiated Oc cells (MLO-Y4) and pre-
Oc (MLO-A5) cells. At both three and seven days,
the percentage of live MLO-Y4 cells remained very
high (over 90%), and comparable to that obtained
under 2D conditions. For the MLO-A5 cells, this was
only the case at three days, since at seven days, in
the 3D microchannel, cells had probably grown too
much and the conditions had become too stressful
(figures 3(a) and (b)).

To evaluate the different morphology and the
formation of focal adhesions, we fixed and immun-
ostained MLO-Y4 cells under different conditions
(figure 3(c) and supplementary figure 4). We com-
pared: (1) adherent cells on a static 2D support,
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Figure 3. Osteocytes embedded in Matrigel®/Type I collagen blend and perfused in the microchannel are fully viable and showed
a 3D dendritic morphology. (a) Cell viability (live-dead) of MLO-Y4 and MLO-AS5 cells in 2D vs 3D conditions (**p < 0.01,
%D <0.0001 vs 2D; p < 0.01 vs MLO-Y4). (b) Representative image of live-dead assay in (a), at three days. (c)
Immunofluorescence staining of F-actin (TRITC/red) and CD51 (FITC/green), an osteocyte marker that localised at dendritic
level, to highlight the formation of adhesion structures and dendrites at three days of cultures in 2D not perfused (standard plate),
2D perfused (channel A in the microfluidic plate), 3D on the base of matrix-embedded (channel B in the microfluidic plate) and
in the middle (z-dispersed) of the same channel. Nuclei were counterstained with Hoecst33 258. Images were acquired by confocal
microscope (objective 20X ).
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according to standard culture conditions (2D); (2)
adherent cells that migrated from the channel B to the
base of channel A of the microfluidic chip during the
culture (2D—perfused); (3) adherent cells of the base
of channel B, embedded in the matrix (3D—on the
base—perfused); (4) non-adherent cells dispersed on
the z-axis within the matrix, in channel B. The cyto-
skeleton was completely different between the non-
adherent and adherent cells: 3D dendritic network
structures were visible only in the non-adherent con-
dition, whereas in the 3D (on the base) perfused con-
dition, only 2D dendrites could be observed. On the
other hand, focal adhesion sites, with co-localization
of integrin-uV (CD51) and F-actin, at the end of
stress-fibres, appeared only in 2D, both in perfused
and non-perfused conditions. Notably, focal adhe-
sions appeared more numerous under shear-stressed
conditions. At the base of channel B, this type of
focal adhesions was replaced by small membrane
protrusions along the tubule-like dendrites, in com-
bination with a clear rearrangement of the cyto-
skeleton and a change in morphology. Finally, in
the 3D-dispersed cells, co-localization of F-actin and
integrin-;V appeared both in dendrite-like protru-
sions and near to the cytoplasmic membrane in the
Oc cell body.

3.3. The expression of Oc markers is increased in
the 3D perfused and matrix-embedded
microchannel

We then compared the expression of markers that
increase in fully differentiated Oc, such as Cx43, a
major gap-junction protein that plays a crucial role
in the formation of Oc networks [44], and Sost, a
glycoprotein produced by Oc that antagonizes the
Wnt pathway [10]. By immunofluorescence stain-
ing, we observed a spot-like localization of Cx43
in the junctions of the 3D network, between one
Oc and another, interconnected and embedded in
the matrix within the microfluidic chip (figures 4(a)
and (b)). Furthermore, the signal intensity of Cx43
appeared higher in 3D cultures than in 2D cultures,
especially for MLO-Y4 cells. The Cx43 protein also
appeared redistributed from the perinuclear region
to the cytoplasm and dendritic processes, again, espe-
cially in MLO-Y4 cells. We observed a trend towards
increased expression of Cx43 in 3D Oc also by the
analysis of mRNA, isolated from cells recovered from
the microfluidic channel, compared to cells cultured
under standard conditions (figure 4(c)). Remarkably,
Sost, which is usually not expressed in 2D cultured
of MLO-Y4 cells [50], as also observed in our cul-
tures, was significantly induced in 3D (figure 4(c),
**p = 0.0043). Perfusion and inclusion in the mat-
rix also strongly promoted the expression of alkaline
phosphatase, an additional marker of the Oc pheno-
type, as was clearly revealed by the comparison with
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the 2D perfused condition (channel A) or with the
2D standard culture condition, for both cell lines
(figure 4(d)).

3.4. The addition of HA-Nc 0.1% w/v in the matrix
enhanced the formation of the 3D Oc dendritic
network

To further mimic the bone mineral component in our
model (osteomimicry), and provide (i) a surface to
which cells can adhere (nano- and micro- scale mor-
phological cues) and (ii) mechanical cues, we added
stoichiometric HA-Nc at different concentrations to
the matrix blend. We first analysed the distribution
and the tendency to form clusters of the HA-Nc in
the matrix, also when HA-Nc were dispersed within
the matrix outside a microfluidic device, by FEG-SEM
(supplementary figure 5). Particles formed aggregates
in sparse clusters, which increased in size as HA-Nc
concentration increased, reaching a maximum size
of 2-4 pm in diameter at the highest concentrations
(0.4% w/v and 0.8% w/v).

To assess the characteristics of the HA-Nc-
enriched matrix and its behaviour when co-injected
with Oc cell body-sized objects in the microfluidic
channel, we used fluorescent microspheres as pre-
viously described. The higher the concentrations of
HA-Ng, the lower the degradation of the matrix, as
evident from the observation of matrix meniscus over
time (figure 5(a)). However, the addition of HA-Nc
at 0.2, 0.4 and 0.8% w/v led to a less homogen-
eous distribution of the microspheres along the z-axis
(figure 5(b)). From a rheological standpoint, the pres-
ence of HA-Nc 0.1% w/v in the Matrigel 75% sample
appeared to have no effect on the Amplitude Sweep
test, the Frequency sweep test, or the viscosity curve
at the two tested temperatures (supplementary figure
6). Nonetheless, at 4 °C, the presence of HA-Nc res-
ulted in a wider LVER, indicating greater stability to
deformation stress.

We then combined the HA-Nc-enriched matrix
with live Oc (figure 6(a)) and assessed the viability
of Oc by the live-dead assay (figures 6(b) and (c),
and supplementary figure 7(a)). We found that HA-
Nc was cytotoxic for Oc in a dose-dependent manner
(figure 6 b and supplementary figure 7(b)). However,
at 0.1% w/v HA-Nc, Oc viability after three days of
culture was unchanged compared to that of Oc cul-
tures in the absence of HA-Nc¢ (median 81.3% vs
87.4%, respectively, p = 0.0803). At the lowest con-
centration of HA-Nc (0.1% w/v), Oc morphology
was unaffected at FEG-SEM observation, whereas at
0.8% w/v concentrations, cells showed a more glob-
ular morphology and HA-Nc appeared inside the
cells, as confirmed by using 2D cultures and confocal
microscopy (figures 6(d) and (e) and supplement-
ary figure 8). In FEG-SEM analysis cell membrane
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Figure 4. Osteocytes embedded in Matrigel®/Type I collagen blend and perfused in the microchannel are fully differentiated.

(a) Comparison of Cx43 expression and localization in 2D versus 3D Oc cells after three days of cultures (representative images of
confocal microscope image) (objective 20X, Resonant scanning, zoom at 2, z-step 2 pm, 86 Z-stack loops with Ni-E ZDrive,
Nikon). (b) Volume render of MLO-Y4 3D cultures shown in panel a. (¢) Cx43 and Sost mRNA expression analysis of MLO-Y4
cells in 3D cultures vs 2D cultures at two days (**p = 0.0043). (d) ALP expression of Oc cultured at 2D (collagen-coated plastic)
vs 3D conditions (microfluidic chamber), after seven days of culture. Both channels A and B are shown (see figure 2(a)). Arrows

highlight the strong positive staining for the ALP marker.

damage was also visible at the highest concentrations
(supplementary figure 8).

Based on these preliminary data, we decided to
use HA-Nc only at 0.1% w/v. We performed the
same assays to evaluate the induction of Oc differen-
tiation that we used in figure 4, to compare HA-Nc-
enriched microfluidic cultures vs microfluidic cul-
tures w/o HA-Nc. From our analysis, we observed that
the addition of HA-Nc to the matrix induced a higher
ALP (figure 7(a)), whereas the expression and local-
ization of Cx43 were unchanged, both at protein (by
immunofluorescence, figure 7(b)) and mRNA levels
(figure 7(c)).
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mRNA expression of Sost also did not change sig-
nificantly, although we observed a trend of red). On
the contrary, interconnected network between dend-
ritic cells was significantly increased in the HA-Nc-
enriched matrix. In order to observe and quantify the
formation of dendrite and networks in the 3D Oc cul-
tures, we fixed the cells at three days and immun-
ostained for non-structured (3-actin, combined with
confocal microscopy to allow the quantification of the
length of the cellular network formed by dendrites
and cell bodies in the xyz-axis (figure 7(d)), within
the microchannel B (figure 7(e) and supplementary
figures 9 and 10). Automatic quantification showed
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Figure 5. Characterization of matrix enriched with HA-Nc at different concentrations when loaded in the microchannel.

(a) Merge of z-scan of channel B to show matrix retraction and surface degradation at the gel/liquid meniscus, when HA-Nc are
added to the matrix, at different concentrations (white dotted line), after seven days of perfusion (red arrow, point of erosion);
(b) Graph of the distribution of the fluorescent microspheres over the z axis 24 h after the HA-Nc-enriched hydrogel injection (as
evaluated by the percentage error of n. of microspheres/scan).
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Figure 6. Effect of HA-Nc on Oc viability in both 3D and 3D cultures. (a) Schematic representation of the perfused channel A and
of the channel B used for the hydrogel injection mixed with HA-Nc and cells; (b) cell viability (live-dead) of MLO-Y4 cells within
the microfluidic channels, at different HA-Nc concentrations (*p < 0.01, ****p < 0.0001 vs 0.0% Ha-Nc); (c) Representative
image of live-dead assay in (b), at three days. (d) Optical xy-, xz-, and yz sections of confocal acquisition of 2D Oc cultures after
three days of treatment with HA-Nc, merged brightfield and red fluorescence. Red signal by intracellular autofluorescent HA-Nc
are enlighten by white arrows (scale zoom 1.555 X, scale bar 20 pum).

that HA-Nc embedded in the matrix promoted dend- ~ F-actin and integrin alfa-V (CD51), at the confocal
rite development, but only at a 0.1% w/v (figure 7(f)).  microscope, which serve as markers for the forma-
It is worth noting that when quantifying the co- tion of focal adhesion structures [51], we observed a
localization (Pearson’s coefficient), of the signals of slight increase in the trend for the conditions at 0.1%
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Figure 7. The osteomimetic matrix with NP-HA 0.1% w/v promoted the formation of the dendritic network in the 3D
microfluidic Oc cultures. (a) Alkaline phosphatase staining of Oc cultured in the osteomimetic matrix (with HA-Nc at 0.1% w/v),
in perfused condition in respect to Oc cultured in the collagenic matrix mix, without HA-Nc. Representative images of channel B
of one chip in the microfluidic plate (objective 20X ). (b) Representative images of the fixed Oc cultured within the osteomimetic
matrix (with HA-Nc at 0.1% w/v) or in the collagenic matrix without HA-Nc, in perfused condition. Cells were then
immunostained for Cx43 (green), counterstained with Hoechst 33258 (blue), and observed by confocal microscopy (merge of 86
xy sections, z-step of 2 pm, objective 20 X, NA 0.75). In the square, a higher magnification of the same field. (c) mRNA analysis
by Q-RT-PCR of Cx43 and sclerostin (Sost) of Oc cultured for three days in the microfluidic chip in passive perfused condition,
within the osteomimetic matrix or in the matrix w/o HA-Nc. (d) Representative merged image of z-scans (98 xy sections, z-step
of 1.75 pm, objective 20X, NA 0.75) of the dendritic network of Oc cultured within the osteomimetic matric (HA-Nc 0.1% w/v),
after fixation and immunostaining for G-actin (green) and counterstained with Hoechst 33258 (blue). False colour image for the
Z-axis. (e) Representative volume render reconstruction of a single dendrite protruded in the 3D space. A single xyz scan is also
shown; (f) Graph on the average length of dendrites of the Oc 3D cultures within the osteomimetic matrix, at different HA-Nc
concentrations, after the automatic quantification of the confocal scan with NIS-Element software (*p < 0.05).
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w/v Ha-Nc and a significant decrease at 0.2% w/v Ha-
Nc (supplementary figure 11, Pearson). These results
also partially reflect the trend observed in the viability
assay (figure 6(b))

3.5. Validation of the 3D model of the perfused
dendritic network as a platform for the screening
of Oc-targeted drugs

To test whether the 3D Oc in vitro model is a valuable
model to screen Oc-targeting therapeutics, we used
a teriparatide, a drug that is currently used to treat
osteoporosis and that has anti-apoptotic effects on
Oc stressed by glucocorticoids [18]. For this purpose,
we both counted live cells and performed an apop-
tosis assay. Both assays were acquired and analysed by
an automatic scanner compatible with microfluidic
96-chip plates. This system quantifies and automatic-
ally analyses the fluorescent signals within the entire
depth of the chip (figure 8(a)). As a first step, we
confirmed that dexamethasone (dex), used as gluc-
ocorticoid, was able to induce cell death in a dose-
dependent manner (figure 8(b)). The use of a mul-
tichip platform allowed a very highly reproducible
result for this assay (dex 1 uM vs ctr, ****p < 0.0001).
We then choose the 3 uM concentration to com-
bine with teriparatide (ter, 300 nM), and found that
teriparatide significantly reduced the cytotoxic effect
of dexamethasone in Oc, as expected (figure 8(c)).
Again, results were obtained with a high degree of
reproducibility (dex + ter vs dex alone, *#p = 0.0023).
Finally, the annexin-V assay data were in agree-
ment with those obtained with the live-dead assay,
albeit with a higher degree of variability (figure 8(d),
dex + ter vs dex alone, *p = 0.049).

4. Discussion

The deeply interconnected Oc network is becom-
ing an important pharmaceutical target for the treat-
ment of various bone-related diseases. Therefore, the
development of adequate preclinical models that can
mimic the very complex cellularized structure of the
Oc network is an important pharmaceutical target
for the treatment of bone diseases. Therefore, the
development of adequate preclinical models that can
mimic the complex structure of the Oc network is
of great interest. To mimic the real setting of bone
tissue, 3D Oc culture must be combined osteomi-
metic ECM, dynamic perfusion, and mechanical cues
(i.e., shear stress). There are only very few examples
of 3D models of Oc, which highlights the complex-
ity of this type of culture, but also its novelty. In
these examples, hydrogels, inorganic biomaterials, or
dynamic stimulation, have been used without con-
sideration to the combination of these elements in
a single complex model [24-33]. To fill this gap, we
used a microfluidic device that reproduced the fine
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cell-cell and cell-ECM communication of Oc and in
which shear stress can be applied. In addition, the
small size of the microchannels (330 pm in width and
220 pm in height) also facilitates the real-time visu-
alization and the monitoring of the living Oc 3D net-
work within the gel over time. Finally, miniaturisa-
tion of the model and the development of multiple
Oc networks in the same platform pave the way for
large-scale drug screening [52].

To build the model, we proceeded stepwise. First,
we selected the most suitable biomaterial for Oc in gel
culture within microfluidic channels. Although sev-
eral types of hydrogels are available for macroscale
models [53], to date, there is a lack of standards for
microfluidics. This is possibly a consequence of the
limitation of this technology, which almost exclus-
ively allows the injection of reverse thermorespons-
ive hydrogels whose sol-gel transition temperature is
above 20 °C [54-56] to be handled, and under 37 °C
not to harm cells. The use of chemical crosslinking
agents is not possible as they should be added after
loading of the cell-enriched gel into the microfluidic
channel but they are cytotoxic. The most widely used
hydrogel for Oc cultures is rat tail Type I collagen,
which closely resembles the organic component of the
bone tissue. However, the fine-tuning of collagen scaf-
fold properties in vitro is not on par with the prop-
erties observed in vivo tissues [57]. As stated in the
literature, the primary limitation of using collagen
for engineered collagen scaffolds (i.e., 3D structured
gels) is its inadequate mechanical strength, low com-
pressive strength and stiffness, poor structural sta-
bility, and rapid degradation [57-59]. Consequently,
collagen is mostly considered for 2D surface coat-
ings rather than as an ECM for 3D tissue models
or, in some cases, as filler of other biomaterials as a
non-structural component, to enhance cell adhesion,
proliferation, and migration [60]. The main reason
for these limitations is the relatively low concentra-
tions (<10 mg ml™) of rat tail type I collagen solu-
tions, which significantly restrict their applications
[58]. Lower concentrations lead to reduced viscos-
ity and, consequently, hinder the gel preparation pro-
cess. One potential solution is to increase the collagen
concentration in the initial solution fro 3D applic-
ations in in vitro models. In this study, we tried to
use highly concentrated collagenic matrix (Cultrex”™
3D Culture Matrix ") as a scaffold and, as a first step,
we compared it to Matrigel®, in terms of stability
and shape retention in microfluidic channels, under
continuous perfusion. We chose Matrigel® for our
experiments because, despite its complex, ill-defined,
and variable composition, and poor reproducibility,
it is one of the few reverse thermoresponsive inject-
able hydrogels that can be successfully loaded into a
microfluidic channel. Moreover, it is still one of the
most commonly used hydrogels for cell culture due to
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Figure 8. Evaluation of the anti-apoptotic effect of the teriparatide by using the 3D perfused dendritic network in the multichip
microfluidic plate (drug screening platform). (a) A representative image of a channel A and B of one chip in the microfluidic plate
as acquired by the automatic scanner (FITC and UV filter, Pico, Molecular diagnostic). Channel B was injected three days before
with Oc mixed with the osteomimetic matrix, and then treated, and added (right panel) or not treated (left panel) with
dexamethasone (dex). Cells were then stained with the Calcein-AM and Hoects33342. At the bottom, a zoom of channel B and
the respective mask (light green masks correspond to live cells, red masks correspond to dead cells) for automatic cell counting by
the algorithm (CellReportXpress); (b) graph of the % of live cells, obtained after automatic quantification of Oc treated at
different concentration of dex and then stained for the live-dead assay (****p < 0.0001 vs ctr); (c) graph of the % of live cells,
obtained after automatic quantification of Oc treated with dex 3 X 107% M, and treated or not treated with teriparatide, and then
stained for the live-dead assay (****p < 0.0001 vs ctr); (****p < 0.0001 vs ctr; *p < 0.01 vs dex); (d) graph of the % of
apoptotic cells, obtained after automatic quantification of Oc treated with dex 3 x 10~° M, and treated or not treated with
teriparatide, and then stained with annexin-V assay (**p < 0.01 vs ctr; *p < 0.05 vs dex).

0

its availability, ease of use, and versatility for cultur-
ing different types of cells. Matrigel” has been widely
used, including recently, in 3D experiments in cell
biology to reproduce in vivo conditions for both nor-
mal and pathological states [61-65]. Matrigel” is a
highly bioactive gel matrix that contains variable and
uncontrollable concentrations of several matrix pro-
teins (e.g. laminin, collagen IV, and enactin) [66] and
soluble growth factors (e.g. fibroblast growth factor

and epidermal growth factor) [65]. Furthermore, des-
pite its extensive use in 3D modelling, Matrigel® has
not yet been explored for Oc culture.

Physical properties (e.g. volume changes) of an
hydrogel largely depends on the degree of con-
finement and the geometry of the confined region
[67], and evaluate its physical properties outside
the microchannel would have not be informative.
However, to date, there are no ways to characterize
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a hydrogel when it is inside a microchannel. Thus,
we performed rheological tests on the hydrogels
used, and as expected, we found an elastic modulus
between 10 and 100 Pa (supplementary figure 2(d))
which is considerably lower than the elastic module
of human bone (3—20 GPa). Therefore, we choose the
hydrogel and the collagen concentrations based on
the best solution that allowed for gel loading in the
microfluidic device without exerting high shear stress
on the cells during the loading, ensuring homogen-
ous cell distribution within the gel and an appropriate
cell viability over time, without considering the elastic
modulus.

We thus developed an ad hoc protocol based on
fluorescence microbeads. We dispersed a high-density
suspension of cells-sized fluorescent microbeads in
the gels and monitored their distribution over time.
We observed that Cultrex  was less prone to shear
stress-induced surface degradation than Matrigel®.
However, Cultrex" showed a greater tendency to
shrink and detach from the wall of the microfluidic
channel in which it was injected. This may be due to
the higher stiffness of high concentration Cultrex"
compared to Matrigel”: the higher the stiffness, the
lower the mass loss when the hydrogel is subjec-
ted to mechanical stimuli [68]. Also, compared with
Matrigel®, when added to Cultrex ", the microbeads
were less homogeneously dispersed along the thick-
ness of the gel, increasing the risk of cluster forma-
tion. An increase in collagen concentration may lead
to an increase in fibre density and a reduction in the
hydrogel pore size which could hinder microbeads
dispersion [69]. The formation of cell cluster may
prevent Oc to distribute within the gel at distances
similar to those in vivo, which is instead essential to
allow the formation of dendrites [31]. Thus, in our
study, Cultrex " was dismissed. However, we decided
to use a liquid, low-concentration, collagen solution
as a filler of Matrigel” to further enrich with Type I
collagen the hydrogel since it is richly present in bone.
Liquid collagen has been already used as a filler of
Matrigel®, but also of alginate, GelMA, and chitosan
[60, 70-73]. The observations made through micro-
scopy were confirmed by rheological analysis of the
gels. At 4 °C, Cultrex” exhibited a ‘solid-like’ beha-
viour and was stiffer and characterized by higher vis-
cosity than Matrigel samples, requiring more force to
deform it. This characteristic of Cultrex " was linked
to the difficulty to uniformly mix the fluorescent
microparticles within the gel and could potentially
affect cell viability during loading into the micro-
fluidic device. At 37 °C, the distinction between the
gels narrowed, possibly due to the thermal cross-
linking of Matrigel, enhancing its mechanical stabil-
ity and stiffness. When comparing 90% matrigel and
75% matrigel, the operator-perceived difficulty in the
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gel loading into the microfluidic channels with 90%
matrigel is confirmed by viscosity analysis.

Next, we evaluated the viability and differenti-
ation of Oc embedded within the Matrigel®/collagen
blend. MLO-Y4 cells showed higher viability than
MLO-A5. As Oc-like cells, MLO-Y4 has a lower pro-
liferation rate than the osteoblasts which could result
in less matrix degradation and nutrient consumption
[74]. Furthermore, in vivo, under physiological con-
ditions, Oc reside in interconnected microscopic
spaces and are surrounded by a stiff ECM, whereas,
in growing bone, osteoblasts are not surrounded by
calcified bone matrix, but are located on the sur-
face of soft osteoid in highly porous regions [75-77].
Therefore, it is likely that MLO-Y4 survive better than
MLO-A5 in matrices with high stiffness, such as those
obtained with the hydrogel blend [34]. We next stud-
ied Oc differentiation within the chip by analysing
cell morphology and the expression of Oc markers as
Cx43 and ALP. Based on literature, Oc differentiation
is significantly enhanced when cultured in 3D. As a
confirmation, in our model, Cx43 was more highly
expressed in 3D than 2D, in both in Oc and in Ob-
like models, but in MLO-Y4 were higher and redis-
tributed at the contact point between the cells. In
the 3D dynamic culture conditions, Oc also highly
expressed the other focal adhesion markers (integrin
alphaV/CD51). This suggests an increased differen-
tiation and the establishment of a true cellular net-
work. Cx43 is the major gap junction expressed in
Oc to form and regulate a functional ‘3D syncytium’
that connects different cells throughout the bone. In
Oc, Cx43-dependent gap junctions and hemichannels
contribute to the coordination of bone remodelling in
response to anabolic factors and mechanical loading
[78]. It is worth to mention that FSS stimuli regulate
Cx43 expression [79]. Similarly, we found signific-
antly higher expression of Sost, a very important Oc-
derived glycoprotein which regulate the osteoblast-
osteoclast coupling. We also noticed that within the
microfluidic chip, when adherent to a 2D hard surface
subjected to shear-stress, as in channel A, MLO-Y4
cells reorganized actin into stress fibres. In contrast,
when embedded in the matrix blend, the stress fibres
disappear and focal adhesions redistribute, both at
the periphery and at the cell body, as opposed to 2D
conditions in which focal adhesions are more local-
ized to the periphery [80]. Focal adhesion are mac-
romolecular complexes of proteins that serve as phys-
ical linkage between cytoskeleton and the ECM and in
Oc are particularly crucial for mechanotransduction
[81]. When entrapped in lacunae in bone, Oc, at
the interface between collagen hillocks and dendrites,
express integrin-mediated focal adhesions that con-
nect the cell membrane with the ECM and trans-
mit physical signals to the cytoskeleton [80]. We then
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explored the osteoblast-related marker ALP that, as
expected, was lower than in MLO-A5.

Having confirmed that the miniaturized
microfluidic model is suitable to culture Oc and
maintain their differentiation, we took a step for-
ward towards a higher level of osteomimicry by dis-
persing an inorganic phase in the organic matrix.
It is difficult to fully reproduce native bone apatite
in vitro. Several types of calcium phosphate (CaP)-
based bone substitutes have been explored in the
literature [82]. We used HA-Nc because HA is nat-
ural mineral and component of the bone, comprising
about 50% of the bone weight [83], and is highly
bioactive and biocompatible, and mimics well the
mineral composition of bone in vertebrates. In fact,
compared with other calcium phosphate-based bio-
ceramics, such as TCP, HA is more stable and less
soluble at body temperature, with a stoichiometric
Ca/P ratio of 1.67, very similar to that of bone [84,
85]. Nanosized HA has been used as reinforcement
of nanocomposite hydrogel scaffolds designed for
bone tissue engineering and, when embedded into a
collagen-based matrix, buttresses the nanocomposite
structure by increasing its compressive strength and
creating bioactive sites for protein adhesion, thereby
improving cell attachment [86]. In this case, we used
nanosized HA to not affect the injectability of the
matrix blend into the microchannel and to improve
matrix stiffness. We dispersed Ncs of HA, synthesized
as described previously [45, 46], in the Matrigel® /col-
lagen blend and evaluated their effects on gel stability
and on Oc viability. The extent of degradation of the
hydrogel surface at the meniscus increased inversely
with respect to the concentration of Ha-Nc¢. As men-
tioned before, this type of filler induces compact-
ness. However, increasing the percentage of HA-Nc
resulted in a lower distribution of cell-sized objects
within the hydrogel and an increased the formation
of HA-Nc clusters. This could be due to the protocol
for the preparation of the final injectable compos-
ite hydrogel: not to harm the physical and biological
properties of Matrigel”, the mixture with HA-Nc was
sonicated only before its mixing with matrix blend.
The formation of HA-Nc clusters at the highest HA-
Nc concentrations has been confirmed also by SEM
analysis. The co-presence of nano- and micro-sized
particles may advantageously result in higher mater-
ial viscosity, stiffness, and shear stress [87]. However,
at the highest doses, HA-Nc¢ induced Oc toxicity in
a dose-dependent dependent manner that was likely
caused by the uptake of Ncs from cells, as revealed by
the autofluorescence signal of HA-Nc clusters and by
ultrastructural analysis. The uptake of HA-Nc is con-
sistent with previous reports showing that HA can
be phagocytosed by Oc [88]. Vice versa, the lowest
concentration of HA-Nc¢ was not cytotoxic and, most
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importantly, promoted dendrite formation, suggest-
ing the formation of HA-Nc-induced podosomes
at the cell-material interphase [89]. Therefore, we set
0.1% w/v HA-Nc concentration for our osteomimetic
matrix.

In order to validate the 3D dendritic network
obtained within the microchip as a screening plat-
form for Oc-targeted pharmaceutical approaches, we
then evaluated the effectiveness of a very common
anabolic drug for the treatment of osteoporosis, teri-
paratide. Osteoporosis is a progressive chronic dis-
ease of bone metabolism, characterized by decreased
bone mass and mineral density and deterioration
of bone architecture, which predisposes individuals
to an increased risk of fractures. One of the most
frequent causative factor is the decline in oestrogen
levels, as it occurs during menopause [90]. Among
the several effects on bone, oestrogen protect cells
of the osteogenic lineage, including Oc, from apop-
tosis and senescence [91]. To mimic the osteoporotic
phenotype in vitro, we treated Oc with a glucocortic-
oid, dexamethasone, that is oestrogen antagonist [92]
and that induces Oc apoptosis [14]. As expected, in
our platform, teriparatide treatment successfully pro-
moted the viability of dexamethasone-pre-treated Oc
in a highly reproducible fashion, by reducing their
apoptosis.

Overall, the Mimetas two-lane OrganoPlate”
device was well-suited to develop a 3D network of Oc
to mimic osteoporosis and validate the model with
teriparatide. This is the first time that the device has
been used to build a bone tissue model, thanks to
(i) the possibility to modulate gel composition, (ii)
the channels’ geometry, (iii) the absence of artificial
membranes enabling culture medium diffusion and
exchange of factors, and (iv) the possibility to perform
multiple in-plate and off-plate assays. Additionally,
the high number of chips in the device makes it suit-
able for high-throughput screening. However, despite
the device’s several advantages, there are some lim-
itations in its use. The major limitation is that the
microfluidic device is disposable and non-openable,
with limited possibilities for creating channel coat-
ings. This closed and non-openable system makes the
cell extraction process for RNA isolation and Q-RT-
PCR difficult and time-consuming. Additionally, it
is not feasible to analyse the cell-loaded gel in the
channel using an environmental scanning electron
microscope to gain a more comprehensive under-
standing of the interactions between cell-matrix and
cell-nanohydroxyapatite, as well as the porosity of the
gel. While it is essential to assess the porosity of the
ECM and ensure that it closely resembles the char-
acteristics of the in vivo ECM for developing s new
in vitro bone model, this study was unable to perform
such an analysis due to technical limitations of the
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device technology. Further advancements in charac-
terisation techniques and protocols will be necessary
to address and resolve this critical gap.

5. Conclusions

Opverall, we have engineered a commercial micro-
fluidic device that has never been used for ortho-
paedic research and that enables the development of
a 3D Oc network. To date, 3D models of Oc are very
scarce, and in any case, they do not include both the
matrix and the mineral part of bone in addition to
shear stress, all of which are critical for the expression
of Oc phenotype. We created a mixture of collagen-
enriched blend, added with HA-Nc for osteomimicry
that could be successfully mixed with cells and injec-
ted into a channel of the commercial microfluidic
device. The combined use of the developed osteomi-
metic matrix and the microfluidic device was found
to be highly permissive for formation of Oc networks,
similar to those in vivo, and highly reproducible. After
being extensively characterized for Oc viability and
differentiation, the device was found to be suitable for
large-scale screening of bone anabolic drugs. Indeed,
Oc are a major target for the treatment of osteoporosis
and other Oc-related diseases. In the future, this plat-
form has the potential to speed up the development
of new treatments and personalised approaches, as it
is suitable for a very small number of cells, such as the
patient-derived Oc progenitors.
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