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Development of a Microfluidic Vascularized Osteochondral
Model as a Drug Testing Platform for Osteoarthritis

Shima Salehi, Stefania Brambilla, Marco Rasponi, Silvia Lopa,* and Matteo Moretti*

Osteoarthritis (OA) is a degenerative joint disease characterized by changes in
cartilage and subchondral bone. To date, there are no available drugs that can
counteract the progression of OA, partly due to the inadequacy of current
models to recapitulate the relevant cellular complexity. In this study, an
osteochondral microfluidic model is developed using human primary cells to
mimic an OA-like microenvironment and this study validates it as a drug
testing platform. In the model, the cartilage compartment is created by
embedding articular chondrocytes in fibrin hydrogel while the bone
compartment is obtained by embedding osteoblasts, osteoclasts, endothelial
cells, and mesenchymal stem cells in a fibrin hydrogel enriched with calcium
phosphate nanoparticles. After developing and characterizing the model,
Interleukin-1𝜷 is applied to induce OA-like conditions. Subsequently, the
model potential is evaluated as a drug testing platform by assessing the effect
of two anti-inflammatory drugs (Interleukin-1 Receptor antagonist and
Celecoxib) on the regulation of inflammation- and matrix degradation-related
markers. The model responded to inflammation and demonstrated
differences in drug efficacy. Finally, it compares the behavior of the “Cartilage”
and “Cartilage+Bone” models, emphasizing the necessity of incorporating
both cartilage and bone compartments to capture the complex
pathophysiology of OA.
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1. Introduction

Osteoarthritis (OA) stands as a prevalent
and incapacitating joint disease, imposing
substantial socioeconomic burdens world-
wide. While OA was traditionally regarded
as a degenerative condition primarily driven
by cartilage wear, emerging evidence of
changes in other joint components has
led to a broader understanding of it as a
multifaceted inflammatory disease. In ad-
dition, extensive evidence supports the no-
tion of active communication between car-
tilage and the underlying bone,[1] which is
now recognized as a central player in OA
development.[2] This communication ex-
tends beyond passive diffusion, becoming
more pronounced under osteoarthritic con-
ditions due to increased vascularity and the
presence of micro-cracks in the cartilage.[3]

Existing treatments mainly target
symptoms rather than halting disease
progression, partly due to limitations
in preclinical models. While tissue ex-
plants and simplified in vitro systems
have advanced our understanding of OA,

they often fail to replicate multi-tissue interactions.[4,5] Animal
models, though used, struggle to translate to human conditions
and raise ethical concerns.
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Figure 1. Generation of the osteochondral model. a) Pictures of the microfluidic chip. Images of top layer, bottom layer, and aligned under stereomicro-
scope. b) Schematic methodology showing the steps to inject the channels and obtain the model incorporating different cell types.

In response to these challenges, relevant models that reflect
the interplay between multiple tissues are needed to explore OA
dynamics and test innovative therapeutics as outlined in mul-
tiple reviews.[6,7] Miniaturized 3D models, such as organ-on-
chips, have emerged as a promising solution to culture mul-
tiple cell types within a 3D matrix, offering a means to de-
velop complex models of the articular microenvironment in
terms of biological and physical aspects.[8] These platforms of-
fer improved simulation of the dynamic biomechanical and bio-
chemical conditions present in osteoarthritic joints, thus pro-
viding a more accurate representation of the disease state and
its progression.[7,9] Within this field, osteochondral models have
centered either on the differentiation of bone marrow mesenchy-
mal stem cells (BMSCs) into osteoblasts and chondrocytes within
a single hydrogel[10] or on reconstructing the architecture of the
osteochondral unit.[11,12] While oriented toward tissue engineer-
ing applications, these models do not extend to the realm of OA
modeling and drug testing. Other in vitro osteochondral mod-
els, focused on OA-related processes, exhibit a deficiency in cel-
lular complexity as they mainly lack osteoclasts and endothe-
lial cells.[13–18] The inclusion of osteoclasts and endothelial cells
within the bone compartment is paramount due to their pivotal
roles in bone remodeling and the need to recapitulate the vas-
cularized characteristics of bone. Despite their significance, the
integration of these cells in in vitro models has been underes-
timated, primarily due to the complexity associated with their
use.

Herein, we employed a microfluidic device which allows gen-
erating two adjacent hydrogel-based compartments in direct
contact.[19] Our osteochondral model includes a cartilage com-
partment incorporating primary human articular chondrocytes
embedded in fibrin hydrogel, and a bone compartment incor-
porating primary human osteoblasts and osteoclasts embedded
in fibrin hydrogel enriched with calcium phosphate nanopar-
ticles (CaPn) along with endothelial cells and undifferentiated
BMSCs.[20] Following optimization and characterization, the os-
teochondral model was used to assess the effects of Interleukin-
1𝛽 (IL1𝛽) from various perspectives, including inflammation and
matrix degradation processes. The model was further validated
as a potential platform for drug testing for OA by evaluating its
response to Interleukin-1 Receptor antagonist (IL1Ra) and Cele-
coxib.

2. Results

2.1. Model Development

The microfluidic device used in the present study[19] consists of
two layers (Figure 1a) and allows the sequential injection of two
hydrogels with a continuous interface without any intervening
structure. As depicted in Figure 1b, while half of the channel is
blocked with the bottom layer, the cartilage compartment (chon-
drocytes in fibrin hydrogel) is injected into the accessible portion
of the channel. After fibrin polymerization, the bottom layer is
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removed, and the top layer is transferred onto a glass cover
slip. The other half of the channel, now accessible, is filled
with the bone compartment (osteoblasts, osteoclasts, endothelial
cells, and BMSCs in fibrin hydrogel enriched with CaPn). After
bone polymerization, the lateral channels are filled with culture
medium.

The continuous interface generated between cartilage and
bone compartments is shown in Figure 2a, while the distribution
of the different cell populations is displayed in Figure 2b.

During the model optimization phase, special attention was
given to the selection of appropriate chondrocyte density and
medium composition for cartilage and bone compartments. Ini-
tially, we started with a chondrocyte density of 50 × 106 cells
mL−1 in the cartilage compartment, which led to immediate re-
modeling of the fibrin hydrogel. To address this, we attempted
to add the gel remodeling inhibitor aminocaproic acid to the cul-
ture medium. However, this compound was found to be toxic to
the endothelial cells. Endothelial cells require the ability to re-
model the gel to connect with each other and form a microvas-
cular network (MVN). Consequently, the use of a remodeling in-
hibitor was not feasible. Instead, we opted to reduce the chon-
drocyte density to slow down the gel remodeling rate. After sev-
eral adjustments, we determined that a concentration of 12.5 ×
106 cells mL−1 maintained the chondrocytes within the hydrogel
without excessive remodeling while allowing the endothelial cells
to survive, remodel the gel, and form an interconnected MVN as
demonstrated in Figure S1 (Supporting Information).

Next, we focused on the composition of culture media for bone
and cartilage compartments.

All experiments utilized Endothelial Cell Growth Medium-2
(EGM2) for the first 4 days in both channels, as preliminary tri-
als showed that, thanks to its formulation rich in Vascular En-
dothelial Growth Factor (VEGF), it promotes the first and crucial
phase in which endothelial cells assemble into a MVN. This step
is favored when using 100% EGM2 in comparison to DMEM-
based formulations or mixtures of DMEM-based medium and
EGM2 (data not shown). From day 4 to day 14, compartment-
specific medium formulations were tested and applied. For car-
tilage, we compared DMEM-based and EGM2-based chondro-
genic medium. MVN features were comparable in both formu-
lations as indicated in Figure S2 (Supporting Information). For
what concerns the presence of ECM markers, we found that Col-
lagen II expression was stronger in DMEM-based chondrogenic
medium. Of note, the use of EGM2 in the first 4 days of culture
did not compromise the ability of chondrocytes to express Col-
lagen II upon stimulation with chondrogenic factors. Addition-
ally, the intranuclear signal of the chondrogenic transcriptional
factor SOX9 was detected in the vast majority of chondrocytes,
indicating their chondrogenic phenotype (Figure 2d). Therefore,
DMEM-based chondrogenic medium was used in subsequent ex-
periments.

Regarding the bone compartment, we used a medium contain-
ing osteogenic factors to maintain osteoblast phenotype, and we
verified if Macrophage Colony-Stimulating Factor (MCSF) and
Receptor Activator of Nuclear Factor-𝜅B Ligand (RANKL) could
be excluded from the medium without compromising osteoclast
phenotype. The system proved to be self-sustaining, as osteo-
clasts expressed RANK and displayed similar morphology in ei-
ther condition (Figure 2e). Therefore, osteogenic medium with-

out MCSF and RANKL was used in subsequent experiments. No-
tably, RANKL exhibited significant expression within the bone
compartment (Figure 2f), with cells displaying morphology in-
dicative of either osteoblasts or BMSCs committed to the os-
teogenic lineage. By labeling BMSCs with a cell tracker, we ob-
served that RANKL-expressing cells consist of BMSCs (arrow 1)
and unstained cells representing osteoblasts (arrow 2), as shown
in Figure 2g.

The assessment of the enzymatic activities of Tartrate-
Resistant Acid Phosphatase (TRAP) and Alkaline Phosphatase
(ALP) confirmed that osteoclasts and osteoblasts are functionally
active in this specific bone medium composition (Figure 2h). As
expected, the signals for ALP and TRAP were detected only in the
bone compartment.

Experiments where undifferentiated BMSCs were stained with
a cell tracker (Figure 2i) showed that some BMSCs aligned with
vessel structures (arrow 1), akin to mural cells supporting the
MVN, while others (arrow 2) differentiated toward the osteogenic
lineage. Indeed, the expression of Osteocalcin (OCN) by some
BMSCs (Figure 2j) demonstrated their commitment to the os-
teogenic lineage (arrow 1), influenced by the bone medium. No-
tably, the OCN signal was also observed in cells not colocalized
with the white signal (arrow 2), indicating the presence and func-
tionality of osteoblasts. Due to the high density of the images
related to RANKL and OCN, separate fluorescence channels are
presented individually in Figure S3 (Supporting Information) for
clarity.

To take a deeper look at the formation and characterization of
the MVN, we tracked the self-assembly of endothelial cells into an
MVN over time, as shown in Figure 3a. A 3D render illustrating
the presence and stability of an interconnected MVN until day 14
is presented in Figure 3b. PECAM-1 staining was performed to
visualize MVN morphology, highlighting the endothelial cell or-
ganization within the MVN (Figure 3c). The presence of support-
ing cells resembling smooth muscle cells, primarily derived from
BMSCs and contributing to the structural integrity of the MVN,
was demonstrated by 𝛼SMA expression (Figure 3d). Collagen IV
staining allowed for the visualization of the basement membrane
surrounding the MVN, crucial for maintaining vascular integrity
and function as depicted in Figure 3e. Moreover, Collagen I, a
typical component of bone matrix was found to increase as the
model matured. Interestingly, by day 7, Collagen I deposition was
notable around the MVN, and its enrichment within the entire
bone compartment was evident by day 14 (Figure 3f), suggesting
ongoing maturation and remodeling processes within the model.
Although the signal for Collagen I specifically at day 14 might ap-
pear blurry and diffuse, it is consistent with expectations for ECM
markers within a 3D hydrogel matrix.[21,22] Collagen I is abun-
dantly present in the ECM, leading to extensive antibody binding
and a widespread staining pattern. The differences in staining in-
tensity between day 1 and day 14 further confirms that the stain-
ing reflects the dense presence of Collagen I within the matrix
rather than background noise.

2.2. Model Response to IL1𝜷

To establish an OA microenvironment, we challenged the model
with IL1𝛽, a key cytokine implicated in OA pathogenesis and
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Figure 2. Model characterization. a) Phase contrast photo of the cartilage and bone interface on day 1. b) Immunofluorescence image of the com-
plete model on day 14 showing the different cell types stained in different colors. c) Collagen II expression in the cartilage compartment comparing
DMEM-based chondrogenic medium composition and EGM2-based chondrogenic composition. d) Expression of the transcriptional factor SOX9 in
chondrocytes in the presence of DMEM-based chondrogenic medium. e) RANK expression in osteoclasts in the presence and in the absence of MCSF
and RANKL. f) RANKL expression in the bone compartment. g) BMSCs and osteoblasts contributing to RANKL expression. h) TRAP and ALP enzymatic
assays showing osteoclasts and osteoblasts activity in the selected bone medium composition. i) Undifferentiated BMSCs supporting the MVN (arrow
1) or committed to osteogenic lineage (arrow 2). j) Osteocalcin expression by differentiated BMSCs (arrow 1) and pre-embedded osteoblasts (arrow 2).

Adv. Healthcare Mater. 2024, 2402350 2402350 (4 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202402350 by C
ochraneItalia, W

iley O
nline L

ibrary on [01/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadhm.202402350&mode=


www.advancedsciencenews.com www.advhealthmat.de

Figure 3. MVN formation and characterization. a) Self-assembly of the endothelial cells and formation of MVN over the course of 14 days. b) A 3D
render of the MVN on day 14. c) PECAM-1 staining and its colocalization with GFP-Human Umbilical Vein Endothelial cells (GFP-EC) on day 14. d)
Expression of 𝛼SMA by MVN supporting cells on day 14. e) Collagen IV expression around the MVN on day 14. f) Expression of Collagen I in the model
at different time points.

progression. We subsequently examined the expression of
MMP9 and MMP13, two pivotal matrix metalloproteinases
(MMPs) associated with OA. A baseline expression of both mark-
ers was evident in the control group (CTRL), primarily localized
within the osteoclasts, in the complete system (Figure 4). Follow-
ing IL1𝛽 treatment, not only did bone cells exhibit upregulation
of MMP9 and MMP13, but chondrocytes also displayed increased
expression of these markers. Upon removing osteoclasts from
the system (No OCs), MMP9 was undetectable in control condi-
tions, while MMP13 was still detectable in the other bone cells.
We also examined MMP expression upon osteoblast removal (No
OBs). Our observations revealed that not only did fewer osteo-
clasts express MMPs, but the signal intensity was also dimin-
ished compared to the complete system both in control and in
IL1𝛽 conditions.

2.3. Drug Testing

To evaluate the potential of the model for drug testing, we ana-
lyzed the system response to IL1𝛽 and to two drug treatments.

IL1Ra was selected as the antagonist of IL1𝛽 receptor and Cele-
coxib as a selective COX-2 inhibitor. Upon IL1𝛽 treatment, all
the examined inflammation-related genes were significantly up-
regulated compared to the control group (Figure 5). More in
detail, IL1𝛽 upregulated COX2, IL1B, TNF𝛼, and IL6, and the
chemokines CXCL8 (IL8), CCL2, CCL3, and CCL5. IL1Ra showed
a pronounced efficacy in attenuating the expression of all the an-
alyzed genes, significantly downregulating COX2, IL1B, IL6 and
CXCL8. Celecoxib also attenuated the expression of some genes,
such as IL1B, IL6 and CXCL8, but none of the observed differ-
ences were statistically significant.

Subsequently, we examined genes indicative of chondrocyte
phenotype, including SOX9, ACAN, and PRG4, as depicted in
Figure 6a. Within our system, IL1𝛽 significantly downregulated
the chondrogenic transcription factor SOX9 and matrix-related
genes, such as ACAN and PRG4. Concurrently, IL1𝛽 triggered
a significant increase in COL10A1, which is associated to chon-
drocyte hypertrophy. Remarkably, none of the drug treatments
was able to significantly counteract the impact of IL1𝛽 on chon-
drocyte phenotype, although some recovery was observed with
IL1Ra treatment for ACAN and PRG4. Differently, the expression
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Figure 4. Expression of MMP9 and MMP13 in control (CTRL) or IL1𝛽 condition. The staining was conducted in the Complete model as well as in models
without osteoclasts (No OCs) or osteoblasts (No OBs) to highlight the roles of these cells in the expression of MMPs. The white dotted line represents
the interface between cartilage and bone compartments with the cartilage being the upper side.

of COL10A1 was substantially restored by IL1Ra, whereas Cele-
coxib showed no effect in mitigating the hypertrophic effects of
IL1𝛽 on chondrocytes.

Turning to genes associated with matrix degradation
(Figure 6b), IL1𝛽 treatment induced a significant increase
in the expression of all the tested MMPs and of the aggrecanase
ADAMTS5. Conversely, the expression of MMP inhibitors,
namely TIMP1 and TIMP3, was downregulated by IL1𝛽. The
expression of MMP3, MMP13, and TIMP3 was restored by
IL1Ra, as indicated by significant differences compared to
the IL1𝛽 group. While IL1Ra also had a dampening effect on
the expression of MMP1and ADAMTS5, these effects were
not significantly different. Celecoxib also displayed efficacy
in reducing the expression of matrix degrading enzymes,
although these reductions were not statistically significant
and generally were less evident compared to the effect of
IL1Ra.

Subsequently, we looked into the changes of the MVN in re-
sponse to IL1𝛽 and drug treatment. The width of MVN in all
groups decreased from day 7 to day 14. On day 14, the MVN in
the control group remained wider while IL1𝛽-treated samples ex-
hibited narrower vessels. Notably, administering IL1Ra resulted
in wider vessels compared to the IL1𝛽-treated group. Conversely,
Celecoxib was not able to counteract the thinning effect of IL1𝛽
on MVN. We also quantitatively analyzed images of the MVN
to corroborate these findings. The MVN area was the largest in
the control group, diminishing significantly with IL1𝛽 treatment,
and being partially rescued by IL1Ra. Interestingly, Celecoxib did
not yield any notable change, with the MVN area remaining as
low as in IL1𝛽 samples (Figure 7a).

Since excessive macrophage infiltration in the synovial mem-
brane can affect OA progression, we investigated the expression
of ICAM-1 as one of the key proteins regulating monocyte adhe-
sion to the endothelial barrier during extravasation. In our model,
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Figure 5. Transcriptional expression profiles observed at day 14 under various treatmentsInizio modulo. a) inflammation-related genes (n = 5) and b)
chemokine genes (n = 4) in models maintained in control condition (CTRL), stimulated with IL1𝛽 (IL1𝛽) or stimulated with IL1𝛽 and simultaneously
treated with drugs (IL1𝛽+IL1Ra and IL1𝛽+Cel). Data are represented as mean + SD with data from independent experiments shown as black dots
(*p < 0.05, **p < 0.01, and ***p < 0.001).

Figure 6. Transcriptional expression profiles observed at day 14 under various treatmentsInizio modulo. a) genes related to cartilage phenotype and
hypertrophy (n = 5). b) genes related to matrix degradation enzymes and their inhibitors (n = 5) in models maintained in control condition (CTRL),
stimulated with IL1𝛽 (IL1𝛽) or stimulated with IL1𝛽 and treated with drugs (IL1𝛽+IL1Ra and IL1𝛽+Cel). Data are represented as mean + SD with data
from independent experiments shown as black dots (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 7. Changes of MVN upon different treatments. a) MVN morphology at day 7 and 14 and quantification of MVN area at day 14. The MVN area
for each chip is normalized on its area measured at day 7 set at 100% (n = 16, 4 chips from four independent experiments were selected). Data are
represented as mean + SD with data from each chip shown as a black dot (*p < 0.05, **p < 0.01, ***p < 0.001). b, Expression of ICAM-1 in the bone
compartment on day 14.

IL1𝛽 substantially upregulated ICAM-1 expression, as shown in
Figure 7b. IL1Ra strongly downregulated ICAM-1, resulting in
a condition similar to that of the control group. Once again, the
treatment with Celecoxib showed a milder effect, as evidenced by
the presence of ICAM-1 in endothelial cells and other bone cells.

To recapitulate, the model exhibited essential cellular re-
sponses that align with OA hallmarks, encompassing inflamma-
tion, imbalanced catabolism/anabolism, the emergence of a hy-
pertrophic chondrocyte phenotype and changes in the vascular
compartment.

2.4. Response to Inflammation and Drug Treatment in Simplified
and Complete Model

To evaluate whether a simplified version of the model (Car-
tilage) would yield results comparable to the complete model
(Cartilage+Bone), we assessed the expression of a selected group
of genes in both scenarios. Our aim was to investigate whether
excluding bone cells and the crosstalk between cartilage and bone
would influence gene regulation under different treatments. As
illustrated in Figure 8, cartilage-specific genes, such as SOX9
and ACAN, exhibited comparable expression levels in the Car-
tilage and Cartilage+Bone models, suggesting that chondrocytes

in both conditions maintained a similar phenotype. Concerning
the expression of genes associated with inflammation, such as
COX2, IL6, and CXCL8, the general upregulation of these genes
upon IL1𝛽 treatment was notably higher when the bone com-
partment was present. This disparity was statistically significant
in the case of IL6, as indicated by additional symbols on each
column. Additionally, ICAM-1 and MMP9 expression was signif-
icantly higher in the Cartilage+Bone system, both in control and
in treated groups, indicating that a substantial portion of their
expression originates from bone cells. To summarize, the aim
of this part was to analyze the contribution of the bone compart-
ment to the model response to inflammation and drug treatment.
While the overall trend in Cartilage and Cartilage+Bone mod-
els was similar for most of the analyzed genes, the expression of
other genes was significantly linked to the presence of the bone
compartment, proving that some crucial factors related to OA de-
velopment show altered regulation when the bone compartment
is absent.

3. Discussion

Osteoarthritis (OA) necessitates novel approaches to drug devel-
opment and testing. Organ-on-a-Chip systems offer a solution
by replicating intricate joint tissue interactions in vitro. These
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Figure 8. Comparing Cartilage with Cartilage+Bone (complete system) models. The significant differences between different treatments in each group
is shown using asterisks. The significant differences between a condition in Cartilage group and the corresponding treatment in the Cartilage+Bone
group is denoted on the Cartilage+Bone bar with additional symbol #. *p < 0.05, **p < 0.01, #P < 0.05 comparing Cartilage with Cartilage+Bone
corresponding treatments. (n = 4).

systems provide precise control, reproducibility, and the capabil-
ity to simulate multi-tissue interactions at the microscale.[6]

In this study, we focused on the crosstalk between cartilage
and bone by developing a microfluidic model of the osteochon-
dral unit, consisting of a cartilage compartment in direct contact
with a vascularized bone compartment. By cell crosstalk we refer
to the communication and interaction that occurs between differ-
ent cell types within a biological system through direct cell-to-cell
contact or indirectly through the release of signaling molecules,
such as cytokines, growth factors, and extracellular vesicles, into
the surrounding environment. To create such unit, we utilized a
microfluidic device with a bi-layer construction that enables the
formation of two tissues in direct contact without the need for a
physical barrier, thereby enhancing cellular communication and
avoiding possible edge effects. Although the device is designed to

facilitate the creation of any two tissues, it is crucial to carefully
optimize culture conditions tailored to the specific cell types in
each tissue. In our model, this involved the precise selection of
cell densities and medium composition to support the co-culture
of five primary human cell types, ensuring their viability and
functionality. Unlike simpler in vitro bone models, which typi-
cally include only osteoblasts and/or BMSCs, our model incor-
porates osteoclasts and endothelial cells, which add significant
biological complexity to the model and require specific culture
conditions.

The fibrin hydrogel used in the cartilage compartment not only
showcased the ability to resist during the injection phase and
the subsequent layer detachment, but also supported the pheno-
type of chondrocytes, as evidenced by the expression of markers
like Collagen II and SOX9. In the bone compartment, fibrin was
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combined with CaPn to mimic the mineral matrix of bone, a
concept also employed in previous studies.[20,23] Although the
amount of calcium phosphate in the model was not directly com-
parable to that found in native bone, it provided osteoblasts and
osteoclasts with a biomimetic microenvironment, in line with
previous studies demonstrating that the presence of CaPn en-
hances osteoblast and osteoclast activity, when compared to plain
hydrogels.[8] In the bone compartment, endothelial cells self-
assembled into a stable MVN, supported by the presence of BM-
SCs differentiating into pericyte-like cells[24–27] and facilitated by
the intrinsic property of fibrin to undergo remodeling and grad-
ual replacement by extracellular matrix produced by embedded
cells, in line with previous findings. In fact, in our model Col-
lagen I enrichment initiated around MVN, likely produced by
both vascular supporting cells such as BMSCs and osteoblasts,
and gradually extended through the bone compartment. These
findings, along with fibrin structural advantages and ease-of-use,
supported its use in our 3D microfluidic model. Indeed, while hy-
drogels such as fibrin may fall short in replicating the mechani-
cal properties of cartilage or bone, their versatility, tunability, bio-
compatibility, and ability to be reinforced with other materials
make them invaluable tools for in vitro modeling, especially in
microfluidic settings. This is why they have been extensively used
in creating in vitro cartilage and bone models.[10,11,28–35]

Regarding the bone medium, osteogenic factors like 𝛽-
Glycerophosphate, Ascorbic Acid, and Vitamin D3 were incorpo-
rated into EGM2 to ensure the functionality of osteoblasts within
the model, while dexamethasone, an anti-inflammatory molecule
usually included in osteogenic medium, was removed to avoid in-
terference with IL1𝛽 and Celecoxib.[36] The osteoinductive func-
tion of the bone medium was confirmed by the expression of
OCN in osteoblasts and BMSCs within the model. Moreover,
the system exhibited self-sustainability in supporting osteoclasts
with essential factors, as osteoclasts expressed RANK and TRAP
activity also in the absence of MCSF and RANKL, showcasing the
microenvironment capacity to support osteoclast differentiation
and maturation. This is likely due to the presence of RANKL-
expressing cells in the bone compartment. Although we were
unable to detect calcium deposition or phosphate release likely
due to the small size of hydrogel constructs and the low cell-to-
medium ratio in our experimental setup, TRAP and ALP staining
showed that osteoclasts and osteoblasts are enzymatically active
and functional in the model. On the other hand, in a previous
study performed in our laboratory[20] where a larger device was
used to create a similar 3D bone remodeling model, it was shown
that not only osteoblasts and osteoclasts are respectively able to
induce the deposition of calcium and the release of phosphate
from the 3D hydrogel-based matrix, but also that their activity in-
creased in co-culture with endothelial cells and BMSCs.

To induce conditions akin to OA within the model, we intro-
duced IL1𝛽 as this is a pro-inflammatory stimulus frequently
used to induce OA-like conditions in other in vitro models.[37–39]

Initially, MMP9 and MMP13 were selected as markers of interest
since they are upregulated in OA conditions. MMP9 is an enzyme
that degrades the ECM components such as collagen, fibronectin
and laminin and it was found to be strongly related to the sever-
ity of OA symptomatology.[40] MMP13 is a highly specific enzyme
responsible of Collagen II degradation and, therefore, is particu-
larly relevant in the process of cartilage matrix degradation typical

of OA joints.[41–43] When exposed to IL1𝛽, chondrocytes exhib-
ited an upregulation of both MMP9 and MMP13, with MMP13
showing a more intense signal. This observation aligns with the
gene expression data, where the transcriptional upregulation of
MMP13 significantly surpassed that of the control group. Inter-
estingly, MMP9 and MMP13 protein expression was primarily
observed within osteoclasts in the control condition. This find-
ing is in line with previous studies demonstrating that osteo-
clasts constitutively express different MMPs,[44–46] among which
MMP9 has been acknowledged as a marker of mature and active
osteoclasts, playing a key role in bone remodeling.[47,48] These
findings clearly indicate that MMP9 expression, in the absence
of inflammatory stimulation, mainly relies on the bone compart-
ment, and specifically on the presence of osteoclasts, demon-
strating that the bone compartment is crucial to mimic the in
vivo environment in an unstimulated set-up. The specificity of
MMP9 to osteoclasts aligns with its established role in osteoclast-
mediated bone resorption. MMP9 is the most abundant MMP
and participates in osteoclast migration as well as the cleavage
of several proteins.[49] In contrast, MMP13 exhibits a broader
expression profile, being expressed by osteoblasts, osteoclasts,
and bone marrow stromal cells.[49,50] Therefore, the presence of
MMP9 signals exclusively in osteoclasts in control condition and
the broader expression of MMP13 across multiple cell types in
our model reflects their specific roles in bone tissue. Interest-
ingly, the model was also able to capture the induction of MMP9
in chondrocytes in response to inflammatory conditions.

An essential factor contributing to OA is an imbalance in
inflammatory cytokines, such as IL1𝛽, TNF𝛼, and IL6, which
activate multiple signaling pathways leading to joint tissue
deterioration.[51] IL1𝛽, upon binding to its receptor, initiates a cas-
cade of catabolic processes by activating MAPK and NF-𝜅B. These
signaling pathways lead to increased production of MMPs, aggre-
canases, COX-2, iNOS, PGE-2, and NO, contributing to disease
progression.[52,53] Our study aligns with this concept, demonstrat-
ing the role of IL1𝛽 in upregulating pro-inflammatory cytokines
like TNF𝛼 and IL6, while also increasing its own transcriptional
levels, and thus creating a positive feedback loop that amplifies
the inflammatory response. Furthermore, IL1𝛽 in our system in-
duced the production of chemokines like CXCL8, CCL2, CCL3,
and CCL5, which are known to exacerbate joint inflammation
by attracting additional immune cells.[51,54] Finally, our model
was able to capture the IL1𝛽-induced increase matrix degrad-
ing enzymes and the reduction in their inhibitors, recapitulating
the formation of a catabolic microenvironment where cartilage
degradation is favored, similarly to what happens in OA joints.[55]

Regarding cartilage-related genes, we examined the transcrip-
tional factor SOX9 which promotes the expression of cartilage-
specific genes, such as ACAN and PRG4,[56] finding that IL1𝛽
downregulates all these genes, similarly to what happens in
OA-affected joints.[57] We also found that IL1𝛽 upregulates
COL10A1 which is related to chondrocytes hypertrophy in OA
conditions.[58,59] Noteworthy, in a previous study where OA
was mimicked on a cartilage-on-a-chip model, the increase in
COL10A1 transcriptional expression was only detected in the hy-
perphysiological compression scenario, but not in the IL1𝛽-based
model.[34] In contrast, our model managed to capture the IL1𝛽-
induced increase in COL10A1 expression, indicative of chon-
drocyte hypertrophy. While defining the exact source of these
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differences is challenging, one plausible explanation might be
that factors released from bone cells contributed to the upregula-
tion of hypertrophic markers in chondrocytes. This hypothesis is
in line with literature data showing that sclerotic osteoblasts can
trigger a shift in chondrocyte phenotype toward hypertrophic dif-
ferentiation, followed by subsequent matrix mineralization.[60]

Next, we employed IL1Ra and Celecoxib to assess the
model suitability as a drug testing platform, employing
drug concentrations consistent with those utilized in prior
studies.[34,61] Celecoxib is a selective COX-2 inhibitor, known
for its anti-inflammatory properties and effective in relieving
OA symptoms.[62] COX-2 is an enzyme upregulated in OA
joints that promotes pain and tissue impairment through
prostaglandin production and can be targeted to manage OA.[63]

On the other hand, IL1Ra was tested to model the inhibition
of the IL1𝛽-dependent signaling pathway, which represents an
intriguing approach for addressing inflammation-related OA
processes.[64–66]

Our analysis aimed at illuminating various facets of OA dur-
ing drug testing. In our experiments, while IL1Ra was able to
downregulate COL10A1 expression, it was not able to restore
chondrocytes specific genes. Celecoxib did not show any effect on
chondrocyte phenotype, in line with previous findings.[67] More-
over, IL1Ra exhibited a more pronounced inhibitory effects on
inflammatory cytokines, chemokines, and matrix-degrading fac-
tors compared to Celecoxib. In fact, IL1Ra was able to signifi-
cantly reduce the transcription of IL1𝛽, TNF𝛼, IL6, IL8, effectively
counteracting the inflammation rising from the IL1𝛽 pathway.
Additionally, IL1Ra significantly downregulated MMP3, which
targets Collagen II and proteoglycans, beyond being responsible
of the activation of other MMPs.[68] Additionally, IL1Ra rescued
the expression of TIMP3, a wide-spectrum inhibitor targeting
several MMPs and ADAMTSs.[69] In general, Celecoxib showed a
milder but still notable efficacy in reducing IL1𝛽, IL6, IL8, CCL5,
MMP1, and MMP3, as also reported in previous studies.[70–73]

The different efficacy of IL1Ra and Celecoxib is not surprising
and can be explained by their mechanism of action. As men-
tioned before, Celecoxib acts by inhibiting the activity of COX-2
activity, while IL1Ra operates by interrupting the cascade of IL1𝛽
right from the outset, thus directly hindering the upregulation of
all genes induced by the IL1𝛽 signaling pathway and any subse-
quent effects. Conversely, the mechanism of action of Celecoxib
occurs downstream of the IL1𝛽 pathway and hence cannot com-
pletely counteract the effects induced by IL1𝛽.

To acknowledge the interaction between cartilage and bone
and underscore the significance of the bone compartment, we
compared the expression of selected genes in both presence and
absence of this compartment. While IL1𝛽 generally upregulated
inflammation- and matrix degradation-related genes and down-
regulated cartilage-specific genes in both scenarios, expression
levels varied notably when the bone compartment was absent.
Moreover, differences were observed in the expression of MMP9
and ICAM-1. Understanding the regulation of MMP9 is crucial,
as it serves as a potential biomarker for OA.[74] Our model was
able to capture the key role of bone cells in contributing to
MMP9 expression and thus in sustaining the vicious cycle of
matrix degradation in OA conditions. It is important to bear in
mind that even though the total cell numbers may differ between
the Cartilage and the Cartilage+Bone models, the normalization

process against the housekeeping gene in real-time PCR analysis
effectively captures the relative expression levels of the markers.
This method accounts for differences in total cell number and
allows for a meaningful comparison of gene expression between
the different model conditions. In line with our findings, the role
of bone compartment in exacerbating inflammation has been
shown by Lin and colleagues,[37] who demonstrated that treating
bone compartment with IL1𝛽 led to a robust catabolic response
in the chondral compartment, highlighting an active communi-
cation between the two tissues. These findings were confirmed in
another study by the same group,[75] where subjecting the entire
osteochondral model to IL1𝛽 resulted in a higher induction of
inflammatory and catabolic genes, when compared to cartilage-
only models. For what concerns ICAM-1, in a previous study,[76]

it has been showcased how pro-inflammatory cytokines prompt
endothelial activation and ICAM-1 expression. This activation
amplifies monocyte capture, leading to increased extravasa-
tion. Herein, we observed a strong upregulation of ICAM-1
in response to IL1𝛽 in the complete model at both gene and
protein levels, likely due to the presence of endothelial cells and
osteoclasts in the bone compartment, as proved by immunoflu-
orescence analysis. Such IL1𝛽-dependent induction of ICAM-1
was not observed in a previous bone model lacking these cellular
components.[17] Hence, thanks to the presence of a vascularized
bone tissue, our model offered the opportunity to explore not just
cartilage and bone interactions, but also the impact of inflamma-
tion and drugs on the vascular compartment. This aspect, often
overlooked, is crucial as vascular alterations play a significant role
in observed OA-related changes and immune cell recruitment.[77]

Indeed, despite endothelial cells have been included in a number
of in vitro bone models,[78,79] to the best of our knowledge, this is
the first osteochondral model including a bone compartment em-
bedding endothelial cells along with osteoblasts and osteoclasts.

It is undeniable that the model also has certain limitations. For
instance, although OA is characterized by increased angiogene-
sis and even by the invasion of new vessels into cartilage, we did
not observe any angiogenic effect of IL1𝛽 in our model. While it
is challenging to pinpoint the exact reason for this, the absence of
this effect could be attributed to the high levels of VEGF present
in the EGM2 medium, which ranges from 1 to 5 ng mL−1, being
significantly higher than the picogram per milliliter concentra-
tions typically found in healthy or OA synovial fluid.[80,81] The
excessive VEGF in the medium could saturate VEGF receptors
on cells, not reflecting the natural gradients found in vivo and
potentially masking the effect of IL1𝛽 on angiogenesis. Nonethe-
less, the use of this specific medium is essential to maintain the
endothelial cells survival and function in vitro.

Moreover, the miniaturized size of the microfluidic chip is a
double-edged sword, while it benefits us by reducing cell and
reagent consumption, it simultaneously limits our ability to
perform certain analyses. For example, extracting intact hydrogel
from the chip is challenging due to the extremely small tissue
size, which complicates handling and impedes to perform a
thorough histological analysis of ECM composition. Addition-
ally, the disproportionate ratio between the large volume of
medium and the small volume of cell-laden hydrogel resulted
in background-level noise in analyses of medium. Attempts to
reduce the medium volume negatively impacted cell viability.
Therefore, larger models are needed to achieve a more balanced
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medium-to-cell volume ratio, allowing for more accurate analy-
sis of the release of matrix components and proteins. Another
limitation is the technical constraint preventing the permanent
bonding of the chip to the underlying glass coverslip, which
exclude the possibility of attachment of a pump to create fluid
flow. In future iterations, we aim to address this by designing a
continuous lip between the two compartments, partially blocking
the height of the channel. This design modification will enable
the creation of a continuous interface without interruptions
from single pillars, allowing for both the injection of separate
half-channels and the establishment of a seamless interface.
Consequently, the temporary bottom layer will become unneces-
sary, enabling permanent bonding of the chip to the glass. This
improvement will facilitate the attachment of a pump to create
fluid flow, thereby allowing us to develop a more physiologically
relevant model. Another consideration is that OA is recognized
as a disease affecting the entire joint, including the synovial
membrane, which becomes inflamed under OA conditions.
While incorporating an additional compartment to mimic the
synovial membrane could create a more physiologically relevant
environment, it is important to consider that overly complex
models can hinder the reliability and reproducibility of the
system. In this context, applying a step-by-step process to go
from a simplified to a more complex model is advantageous.
Therefore, after creating and characterizing the osteochondral
model, we are now working on a new design for a similar chip
that includes an additional channel for the synovial membrane
and an intervening channel for synovial fluid, allowing us to
account for the effects of the synovial membrane in the model.

In conclusion, we have developed an osteochondral model re-
capitulating key OA-related processes. Employing this model to
evaluate the efficacy of two drugs produced promising results,
capturing differences in their mechanism of actions. This sug-
gests its viability as a tool for drug testing of potential drug can-
didates. Remarkably, our model aligns with the principles of Re-
placement, Reduction, and Refinement (3R), addressing the need
to find ethical alternatives to accelerate the discovery of effective
drugs for OA treatment.

4. Experimental Section
Microfluidic Device: The chip fabrication process was followed as de-

tailed in the referenced paper.[19] Two PDMS layers were produced using
standard lithography techniques (Figure S4, Supporting Information). The
top layer features a central channel measuring 1300 μm in width, 6000 μm
in length, and 200 μm in height, along with two lateral channels for the
culture medium. A temporary bottom layer, measuring 650 μm in width
and 6000 μm in length, was used during the first hydrogel injection to
block half of the central channel of the top layer. Before aligning the lay-
ers, the bottom layer was passivated by coating it with 3% Bovine Serum
Albumin (BSA) in PBS for 30 min. This passivation step was crucial as it
prevents gel disruption during the detachment of the two layers, ensuring
that the hydrogel adheres firmly to the top layer. The alignment process,
injection procedure, and layer detachment are demonstrated in a video
provided in,[19] which illustrates the injections using colored hydrogel and
highlights the two-layer process.

Chondrocytes: Healthy human primary chondrocytes were purchased
from Cell Application (Cat. No. 402-05a) at passage 2. Chondrocytes
were then seeded at 6 × 103 cells cm−2 and cultured in DMEM-based
Complete Medium containing 10% fetal bovine serum (FBS, Hyclone),

4.5 mg mL−1 D-glucose, 1 mm sodium pyruvate, 100 mm HEPES buffer,
100 U mL−1/100 μg mL−1 penicillin/streptomycin and 0.29 mg mL−1 L-
glutamine (all from Gibco, Life Technologies). The medium was further
supplemented with 0.1 mm non-essential amino acids (Gibco), 1 ng mL−1

of transforming growth factor-𝛽1 (TGF𝛽1, Peprotech) and 5 ng mL−1 of fi-
broblast growth factor-2 (b-FGF, Peprotech).[34] Cells were expanded until
passage 4 and then frozen and stored in liquid nitrogen. Four days before
the experiment, cells were thawed and seeded at 6 × 103 cells cm−2. At the
moment of use, cells were detached using 0.05% trypsin/0.053 mm EDTA
(Life Technologies) and live cells were counted with Trypan Blue.

Bone Marrow Mesenchymal Stem Cells: Undifferentiated BMSCs were
used in the model to support endothelial cells in MVN formation.[20,24–27]

Healthy human primary BMSCs were purchased from Lonza (Cat. No.
PT-2501) at passage 2. The cells were expanded in 𝛼-minimal essen-
tial medium (𝛼-MEM, Life Technologies), 10% FBS, 2 mm L-glutamine,
1 mm sodium pyruvate, 10 mm HEPES, 1 U mL−1/1 μg mL−1 peni-
cillin/streptomycin, and 5 ng mL−1 b-FGF, and frozen at passage 4 for
further experiments. Seven days before the experiment, cells were thawed
and seeded at 5 × 103 cells cm−2. At the moment of use, cells were de-
tached using 0.05% trypsin/0.053 mm EDTA and live cells were counted
with Trypan Blue.

Osteoblasts: Osteoblasts were pre-differentiated starting from human
primary BMSCs purchased from Lonza (Cat. No. PT-2501) expanded and
frozen at passage 4, as described above. Seven days before the experi-
ment, BMSC at passage 4 were thawed and seeded at 10 × 103 cells cm−2

in osteogenic medium, composed of Complete Medium supplemented
with 0.01 μm dexamethasone, 10 mm 𝛽-glycerophosphate, 10 nm chole-
calciferol, 150 μm L-Ascorbic acid 2-phosphate (all from Sigma–Aldrich) to
differentiate toward osteoblastic lineage.[20] At the moment of use, cells
were detached using 0.05% trypsin/0.053 mM EDTA and live cells were
counted with Trypan Blue.

Osteoclasts: Osteoclasts were differentiated from peripheral blood
mononuclear cells (PBMCs). PBMCs were isolated from buffy coats ob-
tained from healthy human donors through local blood banks. The blood
was diluted 1:2 with PBS, and PBMCs were extracted via gradient cen-
trifugation utilizing Ficoll-Hypaque (GE Healthcare). After centrifugation,
PBMCs located at the Ficoll-plasma interface were collected and counted.
As the yield of PBMCs from one single donor was not enough to con-
duct all experimental campaign, PBMCs of three different donors were
pooled.[82] Seven days before the experiment, PBMCs were thawed and
plated at 6 × 105 cells cm−2 in 𝛼-MEM containing 10% FBS, 2 mm L-
glutamine, 1 mm sodium pyruvate, 10 mm HEPES, 1 U mL−1/1 μg mL−1

penicillin/streptomycin. The medium was supplemented with 25 ng mL−1

MCSF (Peprotech) and after 1 day 50 ng mL−1 RANKL (Peprotech) was
added to induce osteoclastogenesis.[83] At the moment of use, adherent
cells were harvested using enzyme-free Cell Dissociation Buffer (Life Tech-
nologies) and cell scraper and live cells were counted using Trypan Blue.

Cell Staining: To track the cells under the fluorescence microscope
during the experiments, Vybrant DiD or Dil Cell-Labeling Solution (Thermo
Fisher Scientific) for cell staining was used. The cells were resuspended in
their respective media at a concentration of 2 × 106 cells mL−1 and 5 μL
mL−1 of the Vybrant solution was added. The cells were incubated with the
staining solution for 10 min, followed by two washing steps with medium
to remove any excess dye. After staining, the cells were re-counted to en-
sure accurate cell density for subsequent experiments.

Endothelial Cells: To generate a vascularized bone compartment in the
model, Green Fluorescent Protein-Transduced Human Umbilical Vein En-
dothelial Cells (GFP-HUVECs, indicated as GFP-EC on the Figures) were
purchased from Angio Proteomie (Cat. No. cAP-0001GFP). GFP-HUVECs
were expanded in Endothelial Growth Medium (EGM2, Lonza) and stored
in liquid nitrogen at passage 6. Three days prior to use, cells were seeded
at 6.6 × 103 cells cm−2 in EGM2. At the moment of use, cells were de-
tached using 0.05% trypsin/0.053 mm EDTA and live cells were counted
with Trypan Blue.

Cartilage Compartment: A 20 mg mL−1 fibrin gel was used as the
scaffold for the cartilage compartment. To generate 4 UI mL−1 thrombin,
500 UI mL−1 thrombin (Tisseel, Baxter) was diluted in 40 mM CaCl2 and
mixed at 1:1 ratio with 40 mg mL−1 human fibrinogen (Sigma–Aldrich).

Adv. Healthcare Mater. 2024, 2402350 2402350 (12 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202402350 by C
ochraneItalia, W

iley O
nline L

ibrary on [01/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadhm.202402350&mode=


www.advancedsciencenews.com www.advhealthmat.de

Chondrocytes were embedded at 12.5 × 106 cells mL−1 in the fibrin hy-
drogel. The concentration of chondrocytes has been selected based on
preliminary experiments as explained.

Bone Compartment: The bone compartment was formulated using a
5 mg mL−1 fibrin matrix, enriched with 0.625 mg mL−1 CaPn. The synthesis
of CaPn followed a previously established protocol.[20,84] To be used in the
bone compartment hydrogel, CaPn were added to 4 UI mL−1 thrombin
diluted in EGM2. The thrombin-CaPn solution was mixed with fibrinogen
at a ratio of 1:1, with the fibrinogen concentration at 10 mg mL−1 to obtain
a final fibrin concentration at 5 mg mL−1.

The bone compartment included endothelial cells, BMSCs, osteoblasts,
and osteoclasts mixed at a 10:1:1:2 ratio.[20] The final concentrations
within the fibrin hydrogel were: endothelial cells at 6×106 cells mL−1,
BMSCs at 0.6 × 106 cells mL−1, osteoblasts at 0.6 × 106 cells mL−1,
and osteoclasts at 1.2 × 106 cells mL−1. The concentration of endothe-
lial cells has been determined based on preliminary experiments to en-
sure the formation of an interconnected MVN which also remain sta-
ble for 14 days of culture. Subsequently the concentration of other cells
types in the model was calculated by maintaining the above-mentioned
ratio between the cells according to other previously in vitro bone
models.

Optimization of Cartilage and Bone Medium Composition: For the
cartilage compartment two chondrogenic medium compositions were
compared. The first medium composition (DMEM-based chondrogenic
medium) comprised DMEM HG (4.5 mg mL−1 D-glucose), 2% FBS,
1 mm sodium pyruvate, 100 mm HEPES buffer, 100 U mL−1 /100 μg
mL−1 penicillin/streptomycin and 0.29 mg mL−1 L-glutamine, 1% NEAA
(non-essential amino acids), 0.1 mm L-Ascorbic acid, 10 μg mL−1 In-
sulin (Sigma–Aldrich), 10 ng mL−1 TGF𝛽3 (Peprotech).[34] Considering
the sensitivity of endothelial cells to culture conditions, it also examined
the chondrocyte phenotype under conditions where the cartilage medium
consisted of 10 ng mL−1 TGF𝛽3 added to EGM2 (EGM2-based chondro-
genic medium).

In the selection of bone medium composition, it started from the
medium previously used to develop a vascular bone model.[20] This
medium incorporated crucial factors for both osteoblasts (10 mm 𝛽-
glycerophosphate, 10 nm cholecalciferol, 150 μm L-Ascorbic acid 2-
phosphate) and osteoclasts (25 ng mL−1 MCSF and 50 ng mL−1

RANKL) in EGM2. However, recognizing that in native tissues, MCSF
and RANKL were sourced from osteoblasts, this study aimed to in-
vestigate if excluding these factors from the bone medium osteoclasts
could mature and differentiate relying on the osteoblasts present in the
system.

Creating an OA-Like Microenvironment and Drug Testing: The inflam-
matory cytokine Interleukin-1𝛽 (IL1𝛽) was introduced at a concentration
of 1 ng mL−1 into both the cartilage and bone medium channels, aiming
to induce an OA-like phenotype over a 7-day period. Following a 7-day mat-
uration period of the model, IL1Ra (500 ng mL−1) and Celecoxib (10 μM)
were introduced into both cartilage and bone media, while a concentration
of 1 ng mL−1 of IL1𝛽 was maintained. After 7 days of treatment, the sam-
ples were fixed for immunofluorescence staining or collected for RT-qPCR
analysis.

Microvascular Network Analysis: Fluorescence microscopy (Olympus
IX71) was used for monitoring MVN formation. Pictures were taken on
the day of injection (day 0), day 4, 7, and 14. The quantification of the
area covered by the MVN was done using ImageJ software after applying a
constant threshold to each fluorescence image and analyzing the resulting
binary photo. To ensure consistency, a standard ROI on each chip was
selected for analysis.

Immunofluorescence Staining: After 14 days of culture, samples were
fixed by 2% paraformaldehyde (ChemoCruz). Cells were permeabilized us-
ing 0.1% Triton X-100 (Sigma–Aldrich) and FcR blocking reagent (Miltenyi
Biotec) for 10 min. FcR Blocking Reagent (Miltenyi Biotec) was used to
block nonspecific antibody binding to FcR-expressing cells, such as os-
teoclasts Subsequently, 1% BSA in PBS was added to the chips for 1 h.
Then primary antibodies were diluted in 1% BSA in PBS, added to the
chips and incubated at 4 °C overnight. The following antibodies were used:
Collagen II (ab34712, Abcam, 1:100), Collagen I (C2456, Sigma–Aldrich,

1:200), OCN (MAB1419, R&D System, 1:100), RANKL (ab62516, Abcam,
1:1000), 𝛼SMA (ab7817, Abcam, 1:200), Collagen IV (14987182, Ther-
moFisher Scientific, 1:200), PECAM-1 (sc-376764), SOX9 (sc-166505),
ICAM-1 (sc-18853), MMP9 (sc-21773), MMP13 (sc-515284) (all from
Santacruz Biotechnology, 1:100). After incubation, samples were washed
and incubated for 2 h at room temperature with secondary antibodies:
goat anti-mouse AlexaFluor-647 (A21235, 1:1000, ThermoFisher Scien-
tific) or goat anti-rabbit AlexaFluor-647 (A21244, 1:500, ThermoFisher Sci-
entific). Nuclei were stained with 300 nm DAPI and images were ac-
quired by confocal microscopy (Leica SP8) and processed with IMARIS
software. To facilitate the detection of released proteins, Brefeldin-A X-
1000 (Abcam) was added to the culture medium of the chips 4 h prior
to fixation. Afterwards, samples were fixed and stained as previously
described.

TRAP and ALP Enzymatic Activity: TRAP and ALP enzymatic activity
were assessed to characterize osteoclast and osteoblast functionality us-
ing the ELF 97 Endogenous Phosphatase Detection Kit (Invitrogen). For
both TRAP and ALP assays, samples were fixed by incubation with 2%
paraformaldehyde in PBS. The TRAP was assessed through a modified
ELF-97 assay, using a substrate solution composed of 110 mm Sodium
Acetate (pH 5.2), 1.1 mm Sodium Nitrite, 7.4 mm Tartrate, 200 μm ELF-
97.[85] To assess ALP activity, the ELF-97 assay was conducted following
the manufacturer’s instructions. After adding 100 μL of ELF-97 substrate
solution to the medium channels and incubating the samples 30 min at
room temperature in the dark, chips were washed with PBS and counter-
stained with DAPI (Abcam). Images were acquired by confocal microscopy
(Leica SP8).

Quantitative RT-PCR: On day 14, samples were digested using a
solution containing 5 mg mL−1 Collagenase 1 (Worthington Biochemical
Corp.), 5 mg mL−1 Collagenase 2 (Worthington Biochemical Corp.) and
1000 U mL−1 of the fermented soybean extract named Nattokinase
(Japan Bio Science Laboratory Co. Ltd) in PBS for 15 min at 37 °C
and the cells were collected for subsequent RNA extraction. To obtain
sufficient RNA, cells extracted from 6 chips from each group (Ctrl,
IL1𝛽, IL1𝛽+IL1Ra and IL1𝛽+Celecoxib) were pooled together. RNA
extraction was performed using the ReliaPrep miRNA Cell Miniprep
System (Promega) and cDNA synthesis was done using the QuantiTect
Reverse Transcription Kit (Qiagen) following the manufacturer’s proto-
cols. RT-qPCR was performed according to standard protocols, using
30 ng of cDNA for each gene of interest in duplicate. The expression
level of the genes of interest was detected using TaqMan primers and
the TaqMan Universal PCR Master Mix (Applied Biosystems): SOX9
(Hs00165814_m1), ACAN (Hs00153936_m1), PRG4 (Hs00981633_m1),
COL10A1 (Hs00166657_m1), MMP1 (Hs00899658_m1),
MMP3 (Hs00968305_m1), MMP9 (Hs00233992_m1), MMP13
(Hs00233992_m1), ADAMTS5 (Hs01095518_m1), TIMP1
(Hs00171558_m1), TIMP3 (Hs00165949_m1), COX2 (Hs00153133_m1),
IL1𝛽 (Hs01555410_m1), TNF𝛼 (Hs00174128_m1), CCL2
(Hs00234140_m1), CCL3 (Hs00234142_m1), CCL5 (Hs00982282_m1),
IL6 (Hs00985639_m1), IL8 (Hs00174103_m1), ICAM1
(Hs00164932_m1). The housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the reference
(Hs02758991_m1) and relative gene expression was calculated
using the 2−ΔCt method. The normalization against the house-
keeping gene allowed adjusting for variations in total cell number
between the Cartilage and Cartilage+Bone models, thus ensuring
the possibility to compare relative expression levels of the analyzed
markers.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism 8. The results of RT-qPCR among different treatment groups
(Healthy Ctrl, IL1𝛽, IL1𝛽+IL1Ra, and IL1𝛽+Celecoxib) were compared us-
ing non-parametric Friedman test for paired data, followed by the Dunn
post-hoc test. For comparing each condition from Cartilage with corre-
sponding Cartilage+Bone groups, two-tailed t-tests for non-parametric
data were performed. The comparison between MVN area was performed
by One-Way ANOVA for normally distributed data with Tukey’s multi-
ple comparison post-hoc test. Statistical significance was indicated as
*p < 0.05, **p < 0.01, and ***p < 0.001.
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