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ARTICLE INFO ABSTRACT
Keywords: Osteoarthritis (OA) is a highly disabling pathology, characterized by synovial inflammation and cartilage
Joint-on-a-chip degeneration. Orthobiologics have shown promising results in OA treatment thanks to their ability to influence
Osteoarthritis articular cells and modulate the inflammatory OA environment. Considering their complex mechanism of action,
Mlcmﬂmdlc,s X the development of reliable and relevant joint models appears as crucial to select the best orthobiologics for each
Chondrogenic matrix .
Orthobiologics patient.
Cartilage The aim of this study was to establish a microfluidic OA model to test therapies in a personalized human
Inflammation setting. The joint-on-a-chip model included cartilage and synovial compartments, containing hydrogel-embedded
Mesenchymal stem cells chondrocytes and synovial fibroblasts, separated by a channel for synovial fluid. For the cartilage compartment, a
Hyaluronic Acid-based matrix was selected to preserve chondrocyte phenotype. Adding OA synovial fluid
induced the production of inflammatory cytokines and degradative enzymes, generating an OA microenviron-
ment. Personalized models were generated using patient-matched cells and synovial fluid to test the efficacy of
mesenchymal stem cells on OA signatures. The patient-specific models allowed monitoring changes induced by
cell injection, highlighting different individual responses to the treatment. Altogether, these results support the
use of this joint-on-a-chip model as a prognostic tool to screen the patient-specific efficacy of orthobiologics.
anti-inflammatory drugs. More recently, approaches consisting in the
intraarticular injection of orthobiologics, including platelet-rich plasma
1. Introduction (PRP), bone marrow concentrate, adipose and bone marrow mesen-
chymal stem cells or their secretome have been proposed to modulate
Osteoarthritis (OA) is the most prevalent form of arthritis and the the degradative microenvironment by promoting joint homeostasis and
leading cause of disability in adults, imposing a high socioeconomic counteracting cartilage degeneration [4,5]. Although orthobiologics
burden on the healthcare system [1]. The most evident clinical outcome have demonstrated promising outcomes in functional improvement and
of OA is progressive articular cartilage degeneration. However, associ- symptom relief, their mechanism of action needs to be investigated to
ated synovial tissue inflammation and subchondral bone alterations improve treatment efficacy. In this scenario, developing relevant models
characterize OA as a whole joint disorder [2], in which inflammation is to study OA pathogenesis and compare innovative therapeutics is
deeply involved [3]. Since pathological mechanisms underlying this paramount. Besides being characterized by ethical issues, animal models
multifactorial disease are not thoroughly understood, current treat- cannot always be considered fully reliable, due to differences in

ments concentrate predominantly on symptom suppression through
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Abbreviation list:

OA Osteoarthritis
SynFlu  Synovial Fluid
HA Hyaluronic Acid

HA-MA Methacrylated Hyaluronic Acid
HA-PEGDA Hyaluronic Acid crosslinked with Polyethylene
Glycol Diacrylate (PEGDA)

Col Collagen

Col-MA Methacrylated Collagen

BMSCs Bone Marrow derived Mesenchymal Stem Cells
ASCs Adipose derived Mesenchymal Stem Cells

ROI Regions of Interest

FI Fluorescence Intensity

pathological mechanisms and drug responses, particularly for inflam-
matory diseases [6]. On the other hand, currently available in vitro
models fail to recapitulate the complexity of articular joints since they
generally focus only on cartilage, neglecting the contribution of other
joint elements [7]. Thus, complex in vitro models, mimicking the joint
microenvironment, represent a possible solution to accelerate the
development of new OA treatments.

Microfluidics is a powerful technique for 3D in vitro modeling of
human diseases and for evaluating candidate therapeutics. Microfluidic
models enable recapitulating cell-matrix and cell-cell interactions
within compartmentalized 3D microenvironments, requiring minimal
amounts of cells and reagents [8]. Although many in vitro joint models
have been developed, ranging from 2D co-cultures to 3D multi-tissue
microfluidic devices [9], only few of them have been reliably exploi-
ted to study the pathogenesis of OA and test potential therapies.
Recently, a joint-on-a-chip model including synovium and cartilage was
developed by our group to study monocyte extravasation in osteoar-
thritic conditions and evaluate potential inhibitors of this process [10],
while in another recent study, a cartilage-on-a-chip model was used to
investigate the role of mechanical compression and test candidate drugs
[11].

Herein, we designed a microfluidic model recapitulating different
joint elements, including the synovial membrane, the articular cartilage,
and the joint cavity, filled with synovial fluid. To mimic the synovial
compartment, we included synovial fibroblasts in a fibrin matrix, based
on previous models optimized by our group. As chondrocyte behavior is
highly influenced by the extracellular environment [12], to mimic the
cartilage matrix, which is a heterogeneous mix of collagen,
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proteoglycans, and hyaluronic acid (HA) [12,13], we evaluated different
hydrogels based on collagen and HA. We then added OA synovial fluid in
the system and verified the onset of OA hallmarks. Finally, we built
patient-specific models and used them for a proof-of-concept screening
of orthobiologics, comparing the effects of mesenchymal stem cells
derived from bone marrow (BMSCs) and adipose tissue (ASCs).

2. Materials and methods
2.1. Model design and fabrication

Aiming at generating a joint-on-a-chip model, we firstly designed a
customized microfluidic device (Fig. 1A and B), starting from a CAD
design of the mold (Supplementary Fig. 1). The central channel was
designed to host the synovial fluid (SynFlu), while the two flanking
hydrogel compartments, delimited by trapezoidal posts to prevent
hydrogel leakage during injection, were designed to host articular
chondrocytes and synovial fibroblasts. Two external channels were
dedicated to the culture medium. The mold was then 3D printed using a
digital light processing (DLP) printer with a resolution of 27 pm in the x
and y axes and 25 pm in the z-axis (Asiga MAX X UV) using Detax
Freeprint model 2.0 Resin photopolymer, followed by post-curing under
UV light of the mold. The printed mold showed a good fidelity with the
original CAD design, resulting in a relative error between the dimensions
below 2.5 % (Supplementary Fig. 1). The polydimethylsiloxane (PDMS),
prepared in a 10:1 ratio as per the manufacturer’s instructions, was
poured into the mold and cured in an oven at 65 °C for 3 h. Subse-
quently, the PDMS chip was extracted from the mold and autoclaved and
dried at 65 °C for at least 12 h. Finally, the devices were plasma-bonded
with a plasma cleaner (Harrick-plasma, US) to glass slides (@ 35 mm)
and incubated overnight at 65 °C.

2.2. Biological samples and ethics statement

The human-derived specimen sampling was conducted under the
guidelines, regulations, and procedures of the Ente Ospedaliero Canto-
nale (Bellinzona, Switzerland) and approved by the local IRB (Approval
n. 2020-00029 from Comitato Etico Cantonale). The biological samples
used in the study are represented by waste surgical pieces, harvested
from patients who signed an informed consent. All the patients (4 males,
3 females) were subjected to knee replacement surgery and presented
OA Kellgren Lawrence grade 3 to 4, evaluated from radiological images.
The age of the patients ranged between 41 and 85 years. Details of the
biological materials harvested, patient of origin, and experiments in
which they were used are reported in Table S1.
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Fig. 1. Design and development of the microfluidic device. (A) Schematic of an OA knee joint and application of an injective therapy based on mesenchymal stem
cells, illustrating how each component is reproduced in the chip. (B) Micrograph of the device with channels dedicated to synovial and chondral compartments
highlighted in yellow and red, respectively. Scale bar: 2 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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2.3. Preparation of primary cells and synovial fluid

For the harvesting of cartilage, femoral condyles and tibial plateau of
patients were rinsed in PBS under a laminar flow hood and superficial
layers were sliced with a sterile surgical blade. Cartilage and synovial
membrane were minced into small pieces. Subsequently, the synovial
membrane was digested with 2.5 mg/mL Collagenase type I (Wor-
thington Biochemical Corporation) in complete culture medium
(DMEM-CM) consisting of Dulbecco’s modified Eagle medium (DMEM)
High-Glucose, 10 % fetal bovine serum (FBS), 2 mM tr-glutamine, 100 U/
mL penicillin, 100 pg/mL streptomycin, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 mM sodium pyruvate (all
from Gibco, ThermoFisher Scientific) for 3 h in an orbital shaker (110
rpm) at 37 °C. Cartilage was treated with 0.15 % Collagenase type II in
DMEM-CM for 22 h in the same conditions. After enzymatic digestion,
Collagenase was inactivated by adding the same volume of DMEM-CM,
and tissue debris were removed using a 100 pm cell strainer. Synovial
fibroblasts and chondrocytes were plated at 5000 cells/cm? and cultured
in DMEM-CM and DMEM-CM added with 1 ng/mL TGF-p1 and 5 ng/mL
basic-FGF (bFGF), respectively [14]. After expansion, cells were frozen
for subsequent experiments.

Adipose tissue was digested with 0.075 % Collagenase type I in MSC-
CM (Minimum Essential Medium Eagle-Alpha Modification (a-MEM),
10 % FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 10 mM
HEPES) for 30 min at 37 °C. After blocking the Collagenase and
removing tissue debris, ASCs were plated at 5000 cells/cm? in MSC-CM
added with 5 ng/mL bFGF. The bone marrow was centrifuged at 510g for
10 min at room temperature (RT). Then, cells were suspended in MSC-
CM added with 5 ng/mL bFGF and plated. After one week, adherent
BMSCs were washed with PBS to remove red blood cells. ASCs and
BMSCs were cultured until passage 2 and then frozen. Synovial fluid
from OA donors (OA-SynFlu) was harvested from patients undergoing
knee replacement before surgical operation through a syringe puncture
of the joint capsule. OA-SynFlu was centrifuged immediately after har-
vesting at 3000g for 5 min at 4 °C to remove cells and debris. The su-
pernatant was collected, aliquoted and stored at —80 °C.

For non-patient-specific experiments, we created pools of chon-
drocytes, synovial fibroblasts, BMSCs, and ASCs. Pools of cells were
generated by mixing the same number of cells from each donor, plating
and culturing the pooled cells until passage 3. Similarly, we created
pools of OA-SynFlu by mixing SynFlu from multiple OA donors.

2.4. Hydrogel preparation

Different hydrogels were tested as 3D matrix for the cartilage
compartment (Table 1). Cell-laden fibrin gels were prepared by sus-
pending chondrocytes or synovial fibroblasts in 4 U/mL thrombin
diluted in culture medium and mixing the solution with the same vol-
ume of 40 mg/mL fibrinogen (Sigma-Aldrich), to obtain a final fibrin
concentration of 20 mg/mL. Cell-free fibrin gels were also prepared for
rheological testing. As alternative matrices for mimicking cartilage

Table 1
Hydrogels produced and evaluated for the cartilage compartment. Polymer
concentration and crosslinking strategy are reported for each hydrogel.

Hydrogel Gel concentration (mg/ Crosslinking Strategy
mL)
Fibrin  Collagen = HA
Fibrin 20 - - Enzymatic (Thrombin 4 U/
mL)
HA-MA - - 15 Photocrosslinking
HA-PEGDA - - Chemical
MIX Col-MA/HA-MA - 3 6 Physical +
(1:2) Photocrosslinking
MIX Col-MA/HA-MA - 2 12 Physical +
(1:6) Photocrosslinking
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tissue, we evaluated different combinations of photocrosslinkable Hy-
aluronic acid (HA) and Collagen (Col) derivatives, namely HA-MA (de-
gree of methacrylation 45-65 %) and Col-MA (degree of methacrylation
20 %) (Advanced BioMatrix). Briefly, lyophilized Col-MA was recon-
stituted at 8 mg/mL concentration by adding 20 mM acetic acid and
incubating overnight under stirring at 4 °C. HA-MA was employed at a
final 15 mg/mL concentration. Col-MA/HA-MA (MIX) hydrogels were
obtained by mixing the two polymers at selected ratios (1:2, Col-MA 3
mg/mL and HA-MA 6 mg/mL; 1:6, Col-MA 2 mg/mL and HA-MA 12 mg/
mL) and triggering the triple helix formation of Col-MA by pH neutral-
ization and temperature (37 °C). The final photo-crosslinking was trig-
gered by light exposure (UV light, 365 nm, 30 mW/cm?), using Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Sigma-Aldrich) as
photoinitiator. Additionally, HA-PEGDA (Advanced BioMatrix) was
employed. The gelation of HA-PEGDA was obtained by mixing the two
components in a ratio of 1:4 and incubating the material at 37 °C for 30
min. To embed cells in the hydrogels, chondrocytes were suspended in
the pre-gels at 1.5x10° cells/mL, then crosslinked with pH neutraliza-
tion and incubation at 37 °C or applying UV crosslinking as described
above.

2.5. Rheology

The viscoelastic properties of the hydrogels were assessed with a
rotational rheometer (MCR 302, Anton Paar) equipped with a parallel
plate geometry (@ 25 mm, working gap 0.2 mm). Flow curves (0.1-1000
s~! shear rate y range) were carried out at 25 °C on each pre-gel
formulation to assess their injectability. Additionally, strain sweep
tests were performed by applying an oscillatory strain (y) in the
0.01-100 % strain range at 1 Hz frequency (v) to determine the linear
viscoelastic region of each formulation and, where applicable, the ef-
fects of physical (temperature-mediated) and chemical (UV-mediated)
crosslinking. Strain sweep tests were conducted at 25 °C and 37 °C after
UV-curing for photocrosslinkable gels. Where applicable, time sweep
tests (y = 0.5 %, v =1 Hz, T = 37 °C) were performed within 30 min to
determine the cross-linking kinetics. The parameters of the rheological
tests are reported in Table S2.

2.6. Live/dead assay

Cell viability was assessed by Live/Dead assay (ThermoFisher Sci-
entific), following manufacturer’s instructions. Briefly, the staining so-
lution containing 10 pM Calcein AM and 1 pM Ethidium Homodimer-1
in serum-free DMEM was injected in the medium channels of the chips
and samples were incubated for 30 min at 37 °C. After incubation,
chondrocytes and synovial fibroblasts in the respective compartments
(cell density 1.5x10° cells/mL) were imaged with a fluorescence mi-
croscope (Eclipse Ti, Nikon) equipped with a CCD camera (Nikon DS-
QiMc). For each sample, three different areas were acquired. Chon-
drocyte and synovial fibroblast viability was quantified by counting red
(dead) and green (viable) cells with the software Image J.

2.7. Mimicking an OA environment in the model

Chondrocyte and synovial fibroblast pools were seeded in the
microfluidic chip at a final density of 1.5x10° cells/mL. This cell density
was previously optimized to prevent hydrogel degradation and cell
sprouting from the gel. Cell-laden gels were prepared as described above
and injected in the respective channels (6 pL of cell suspension, con-
taining 10* cells, in each channel). Chips were incubated in a humidified
chamber at 37 °C for hydrogel polymerization. We injected 5 pL of
pooled OA-SynFlu or serum-free medium into the central channel. The
serum-free medium, named culture medium throughout the text, con-
sisted of DMEM High-Glucose supplemented with 2 mM t-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 10 mM HEPES (all from
Gibco, ThermoFisher), 1 % ITS+ (10 pg/mL insulin, 5.5 pg/mL human
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transferrin and 6.7 ng/mL sodium selenite; Corning) and 1.25 mg/mL of
Human Serum Albumin (Sigma-Aldrich). Afterwards, we added 100 pL
of the serum-free medium in the external channels. Finally, the chips
were transferred to a 6-well plate and cultured for 1, 4, or 10 days,
refreshing the medium or the SynFlu only on day 4. To evaluate the
generation of an inflammatory microenvironment, we assessed cell
viability, lineage-specific phenotype, and the secretion of pro- and anti-
inflammatory cytokines and degradative enzymes, as described in the
following paragraphs.

2.8. Patient-specific OA joint-on-a-chip models

Chondrocytes and synovial fibroblasts isolated from the same OA
patient were seeded in the chips, as previously described. After cell
seeding, we added patient-matched OA-SynFlu in the central channel
and serum-free medium in the external channels. The devices were
cultured for 10 days (37 °C, 5 % COs3). On day 4, fresh medium was
added to the outer channels, and ASCs or BMSCs were injected into the
central channel. Briefly, pooled BMSCs and ASCs were suspended in the
patient-derived OA-SynFlu at a concentration of 1x10° cells/mL and
injected in the central channel of the device, simulating an intraarticular
injection of allogeneic MSCs. In the control group, we injected only OA-
SynFlu. We cultured the chips until day 10, then performed immuno-
fluorescence analyses and the quantification of cytokine production.

2.9. Senescence-associated p-Galactosidase assay

Senescence-Associated p-Galactosidase (SA-B-Gal) which is known to
be expressed by senescent cells was detected using Senescence Detection
Kit (BioVision) according to the provider’s protocol. Briefly, X-gal so-
lution was prepared by dissolving 20 mg of X-gal in 1 mL of dimethyl
sulfoxide (DMSO) to create a stock solution. For sample preparation,
chip channels were initially washed with PBS and subsequently the cells
were fixed using the Fixative Solution included in the kit for 10-15 min
at room temperature. During cell fixation, the Staining Solution Mix was
prepared using 470 pL of Staining Solution, 5 pL of Staining supplement
and 25 pL of 20 mg/mL X-gal in DMSO. After fixing and washing the
cells with PBS, the prepared mix was added to medium channels and
samples were incubated at 37 °C overnight. Finally, cells were observed
under a microscope and the images were taken using a bright field
camera with 80 pm z-stacks. The cells with blue signal were considered
positive and counted as senescent cells.

2.10. Immunofluorescence staining

We performed immunofluorescence analysis to check the phenotype
of articular chondrocytes and synovial fibroblasts and to assess the
expression of MMPs and pro-inflammatory cytokines (TNFoa and IL8).
For MMPs and cytokine staining, we first blocked protein secretion by
incubating the chips with 5 pg/mL Brefeldin-A (ab193369, Abcam) in
serum-free medium for 5 h at 37 °C. Then, we fixed the samples with 4 %
paraformaldehyde for 10 min at room temperature and blocked the non-
specific binding site with 5 % bovine serum albumin (BSA, Sigma-
Aldrich). Then, we added the following primary antibodies diluted in
BSA 0.1 %: anti-Collagen-I (ab34710, 2 pg/mL, rabbit, Abcam), anti-
Collagen-II (MA5-12789, 2 pg/mL, mouse, ThermoFisher Scientific),
anti-Aggrecan (MA3-16888, 4 ng/mL, mouse, ThermoFisher Scientific),
anti-Lubricin (PA3-118, 5 pg/mlL, rabbit, Invitrogen), anti-IL8 (sc-
376750, 2 pg/mL, mouse, Santa Cruz Biotechnology), anti-TNFa (sc-
133192, 2 pg/mL, mouse, Santa Cruz Biotechnology), anti-MMP1
(ab52631, 6.6 pg/mL, rabbit, Abcam), and anti-MMP13 (sc-515284, 1
pg/mL, mouse, Santa Cruz Biotechnology). After 1 h at 37 °C, the pri-
mary antibodies were washed away, and the secondary antibody was
added and incubated for 1 h at 37 °C. We used anti-mouse Alexafluor
488 and anti-rabbit Alexafluor 568 secondary antibodies (both at 2 pg/
mL in PBS, Thermofisher Scientific). Finally, the nuclei were stained
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with NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI) (R37606,
ThermoFisher Scientific) for 20 min at RT.

2.11. Image analysis

Z-stacks were acquired with a Leica SP8 confocal microscope and
analyzed by ImageJ for signal quantification. A customized macro was
developed to split channels, generate a Z projection with max intensity
for each channel and merge the projections.

A threshold was applied for each channel, and the function “Analyze
Particles” was applied to exclude particles smaller than 10 pm? and
isolate all the signal spots. The spots were then converted to a mask and
applied to the original non-thresholded image channels to define the
Regions of Interest (ROIs). To evaluate the signal intensity only in the
previously extracted ROIs, the command “Measure” of the ROI Manager
was used.

To obtain a “weighted fluorescence intensity (FI)” for each marker,
the following formula was applied:

S (an % FI,)
> an

Where a, was the Area of a specific ROI and FI, was the mean Fluo-
rescence Intensity of the same ROl The sum of products between Area
and Mean Fluorescence Intensity of each ROI detected in a single image
was then divided by the sum of the Areas of all the ROIs detected in the
same image. This elaboration allowed obtaining a parameter relative to
the fluorescence intensity weighted for the corresponding area. This
parameter was then normalized by the total area positive for each
marker to compare different images, which might include a different
number of cells.

Weighted FI =

2.12. Cytokine quantification

The concentration of soluble cytokines (IL8, IFNy, IL10, IL13, IL1a,
IL1p, IL4, IL6, TNFa) was determined by Quantibody® Human Inflam-
mation Array Q1 (RayBiotech, Norcross, GA, USA) in the cell culture
medium of the chips and in the synovial fluids, according to the man-
ufacturer’s instructions. Culture media were diluted 1:2 and synovial
fluids 1:40 to fit the standard curves. The mean cytokine concentration
was reported as ng/mL. Additionally, values for each cytokine measured
in the patient-specific chips in the presence of BMSCs and ASCs were
normalized to the control condition (Ctrl, no BMSCs/ASCs) set at 1.

2.13. Statistical analysis

Independent triplicates were prepared and analyzed for each
experimental condition. Prism GraphPad Version 8.0.2 was used for the
statistical analysis. A Two-Way ANOVA followed by Dunnet’s multiple
comparison test was applied to compare multiple groups at multiple
time points. T-test or One-Way ANOVA followed by Dunnet’s multiple
comparison test were applied to compare two or multiple groups at the
same time point, respectively. Statistical significance was defined as p <
0.05.

3. Results
3.1. Synovial compartment

Synovial fibroblasts embedded in fibrin within the chip synovial
compartment, showed cell viability values higher than 80 % at all
timepoints, reaching 91 % on day 10 (Fig. 2A). We then checked the
phenotype of synovial fibroblasts by assessing the expression of
Collagen-I and Lubricin. Collagen-I expression was detected after 4 days
and resulted slightly decreased at day 10 (Fig. 2B). Differently, Lubricin
was detected after 4 days and increased during culture (Fig. 2C).



D. Petta et al.

A B
1007 Day1
x
= 751 B Day4
2
5
% 251
(&)
0
Fibrin

Materials Today Bio 26 (2024) 101072

Day 4
Day 4

Day 10
Day 10

Fig. 2. Characterization of the synovial compartment. (A) Viability of synovial fibroblasts in fibrin hydrogel after 1, 4, and 10 days of culture (n = 3). (B,C)
Expression of typical markers of synovial fibroblasts: Collagen-I (Coll) and Lubricin (both in red) in fibrin hydrogels. Nuclei are counterstained with DAPI (blue).
Scale bars: 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. Cartilage compartment

To select the hydrogel matrix for the cartilage compartment, we
firstly verified if the pre-gel rheological properties were compatible with
the chip injection, performing shear rate sweep tests. The flow curves
(Fig. 3A) displayed a shear-thinning behavior for all the tested formu-
lations, thus assuring the feasibility of hydrogel injection in the device.
Regarding the kinetics of chemical and physical crosslinking for the
hydrogel formulations (Fig. 3B), both MIX 1:2 and MIX 1:6 displayed a
rapid increase in the viscoelastic parameters, plateauing after 1 min,
whilst HA-PEGDA reached the gelation point after 6 min and a complete
polymerization within 30 min. Fibrin showed a significant increase in G’
within the first 10 min, hence all the different formulations showed a
gelation time compatible with gel injection in the chip.

For all the tested specimens, G' was almost constant at low shear
strains, indicating a linear viscoelastic regime, consistently higher than
G’, confirming a gel-like behavior (Fig. 3C) [15]. Except HA-PEGDA, for
which yielding was not reached within the strain range tested, all the
other specimens entered a yielding region for higher strain values, un-
dergoing a decrease in their structural resistance (G’ decrease). G’ in MIX
1:2 was similar to MIX 1:6 and higher than fibrin, which displayed G’
values of ~300 Pa in the linear viscoelastic range. HA-PEGDA and
HA-MA presented the lowest viscoelastic moduli, with G’ values of
~100 Pa at low strain. Interestingly, for double-crosslinked gels G’
values after physical crosslinking alone (129 Pa and 34.5 Pa at 0.1 %
strain for MIX 1:2 and MIX 1:6 respectively) were significantly lower
than after UV irradiation (390 Pa and 478 Pa at 0.1 % strain for MIX 1:2
and MIX 1:6 respectively, Fig. S2). Overall, all the selected formulations
were compatible with both our joint-on-a-chip device in terms of
viscoelastic properties (injectability, gelation time, and elasticity).

As shown in Fig. 3D, cell viability significantly decreased for all the
tested gels at day 10 compared to day 1. Among HA- and Col-based
materials, chondrocytes embedded in HA-PEGDA showed the highest
cell viability at day 10 (72 %). The viability of chondrocytes cultured in
the MIX 1:6 hydrogel was significantly lower than fibrin at days 1 and 10
(p < 0.01 and p < 0.001, respectively), indicating a low cytocompati-
bility of this formulation.

Chondrocyte morphology was different among different gels, with
cells in fibrin showing a spindle-shaped morphology, typical of dedif-
ferentiated chondrocytes, and cells in HA-PEGDA showing a spherical
shape, typical of native chondrocytes, as shown by calcein staining
(Fig. S3). Additionally, we verified the expression of chondrocyte-
specific markers after 4 and 10 days of culture in the different hydro-
gels (Fig. 3E and F). In fibrin, chondrocytes resulted negative for
Collagen-II and Aggrecan even after 10 days. On the contrary, both these
markers were expressed in all the HA-based hydrogels in different
amounts. Chondrocytes cultured in HA-PEGDA showed the strongest
expression already at day 4, which further increased at day 10.

3.3. Mimicking an OA environment in the joint-on-a-chip

To generate an OA-like microenvironment, synovial fibroblasts and
chondrocytes were cultured in fibrin and HA-PEGDA respectively. The
effect of OA-SynFlu was assessed in comparison with culture medium
(named “Medium” in the figures).

The presence of OA-SynFlu significantly increased the viability of
both synovial fibroblasts and articular chondrocytes at day 4 (p < 0.01)
compared to medium (Fig. 4A). At day 10, the viability of synovial fi-
broblasts cultured in OA-SynFlu dropped below 75 %, being slightly
lower than that observed in the presence of medium. A slight decrease in
cell viability over time was observed also in articular chondrocytes
cultured in OA-SynFlu, which however displayed significantly higher
viability compared to the chondrocytes cultured in medium (p < 0.01) at
day 10. On the other hand, OA-SynFlu induced cell senescence both in
synovial fibroblasts and in articular chondrocytes, as shown by the
significantly higher fraction of SA-p-Galactosidase positive cells
observed at 10 days in the presence of OA-SynFlu than in culture me-
dium (Fig. 4B). We also evaluated the expression of matrix-related sy-
novial fibroblast and chondrocyte markers after 10 days of culture. In
synovial fibroblasts, Collagen-I was expressed at similar levels in the
presence of medium and OA-SynFlu, (Fig. 4C), whilst Lubricin was
slightly reduced by OA-SynFlu. In articular chondrocytes, Collagen-II
expression was slightly higher in the presence of OA-SynFlu, than in
culture medium (Fig. 4C). Differently, Aggrecan and Collagen-I
expression was similar in chips cultured with culture medium and OA-
SynFlu (Fig. 4C).

To confirm the generation of a pro-inflammatory environment
within the joint-on-a-chip model cultured with OA-SynFlu, we quanti-
fied the concentration of pro- and anti-inflammatory cytokines. In our
devices, cytokine concentration resulted higher in OA-SynFlu models as
compared to chips cultured with medium, with IL1a, IL6, IL8, and TNFx
presenting the highest concentrations (Fig. 5A). Remarkably, these cy-
tokines were more abundant in the devices than in the original OA-
SynFlu, suggesting that cells actively secreted pro-inflammatory cyto-
kines in the presence of OA-SynFlu. To further evaluate the specific
contribution of synovial fibroblasts and chondrocytes in cytokine pro-
duction, we quantified IL8 and TNFa present within cell cytoplasm
through immunofluorescence staining of the respective chip compart-
ments (Fig. 5B). IL8 was absent in both cell types in the presence of
culture medium and was significantly induced by OA-SynFlu both in
chondrocytes and in synovial fibroblasts. Differently, TNFa was pro-
duced by both cell types even in the presence of only culture medium,
and the addition of OA-SynFlu significantly increased its production
only in synovial fibroblasts (Fig. 5C). Finally, we assessed the expression
of matrix metalloproteinases (MMP1 and MMP13) as relevant markers
of the matrix degradative process. In both synovial fibroblasts and
articular chondrocytes, the expression of MMP1 and MMP13 was
significantly higher in devices cultured with OA-SynFlu compared to
culture medium (Fig. 6).
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Altogether, these results demonstrate that OA-SynFlu generated a
catabolic OA microenvironment in the system, inducing typical OA
hallmarks such as the secretion of proinflammatory cytokines and
increased production of degradative enzymes by articular cells.

3.4. Patient-specific OA joint-on-a-chip models

Lastly, we evaluated the possibility to exploit our OA joint-on-a-chip
model as a potential screening tool for a personalized monitoring of
orthobiologics efficacy. In these experiments, personalized models were
generated using donor-matched synovial fibroblasts, articular chon-
drocytes, and synovial fluid obtained from 3 OA patients. An allogeneic

injective therapy was simulated adding the same BMSCs and ASCs in the
synovial fluid channel.

To measure cytokine baseline values, we first quantified the cytokine
concentration in the original OA-SynFlu samples collected from pa-
tients. The values displayed a similar pattern of cytokine content among
the donors (Fig. 7A). In line with the cytokine quantification in OA-
SynFlu pooled from multiple patients, IL-6, IL-8, and TNF-a were the
most expressed in all patients, with the OA-SynFlu from Patient 3
showing the highest concentrations of these markers.

The quantification of cytokines in the SynFlu collected from the
devices after cell injection showed that patient-specific models respon-
ded differently to the treatment with MSCs (Fig. 7B). Overall, Patient 1
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seemed the most responsive to both BMSCs and ASCs injection, pre-
senting a decrease of IL6, IL8, IL4 and IL10 and an increase of IL13 and
TNFa in both cases. IL1a and IFNy were modulated only by BMSCs,
evidencing a slight difference between the two treatments. In Patient 2
the injection of either cells induced a decrease in IFNy and TNFa and an
increase in IL6. BMSCs and ASCS seemed however to elicit different anti-
inflammatory responses, since BMSCs increased the secretion of anti-
inflammatory cytokines IL4 and IL10, whilst ASCs downregulated in-
flammatory cytokines IL1a and IL1p. Lastly, Patient 3 had no response to
cell injection, since most cytokine concentrations resulted similar to the
control condition, with the exception of IL1a and IL1p.

The quantification of MMP1 and MMP13 signals in patient-specific
models from 3 OA patients is shown in Fig. 7C. In Patient 1, both
BMSCs and ASCs significantly decreased the expression of MMP1 (p <

0.001) and MMP13 (p < 0.001) in articular chondrocytes and synovial
fibroblasts. The decreased production of degradative enzymes, associ-
ated with a higher modulation of cytokine production, both suggested a
responsivity of Patient 1 to the treatment with BMSCs and ASCs
(Fig. 7D). In general, Patient 2 and 3 showed lower starting levels of both
MMP1 and MMP13 compared to Patient 1. This might explain why the
treatment with both BMSCs and ASCs did not yield relevant effects in
terms of MMP down-regulation. Indeed, a small decrease in MMP1 levels
was found only in Patient 2 samples treated with ASCs (p < 0.05). Un-
expectedly, the levels of MMP1 were increased upon BMSC treatment in
Patient 3 (p < 0.001).
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4. Discussion

Although synovial inflammation plays a crucial role in the onset and
progression of OA pathology [16], only a few microfluidic joint models
have included a synovial membrane compartment so far [17]. In our
study, we embedded synovial fibroblasts from OA patients in fibrin to
replicate the pathological synovium environment. Our results demon-
strate that synovial fibroblasts were highly viable and maintained their
phenotype [17] when cultured in a fibrin matrix, expressing Collagen-I,
as already reported for synovial membrane fibroblasts [18]. Lubricin
(also known as PRG4), a specific marker of synovial fibroblasts repre-
senting a major component of the synovial fluid crucial for joint lubri-
cation [19], was also expressed by synovial fibroblasts embedded in
fibrin, indicating that this hydrogel, widely applied in microfluidic
models due to its high biocompatibility, versatility and
ease-of-handling, is suitable for the 3D culture of synovial fibroblasts.
Differently, preliminary experiments conducted culturing articular
chondrocytes in fibrin revealed that a short-term culture in fibrin in the
absence of any chondrogenic factor was not able to support the
expression of cartilage-specific markers, prompting us to test different
hydrogels for the cartilage compartment. For a faithful reproduction of a
cartilage-like environment, a crucial role is indeed played by the
extracellular matrix (ECM), that in cartilage is composed by a blend of
Collagen and HA [20]. Although HA-based hydrogels have been widely
applied as cartilage/osteochondral tissue engineering scaffolds, showing
the ability to support chondrogenic differentiation and leading to
cartilaginous tissue both in vitro [21] and in vivo [22], they have not
been exploited yet in joint-on-a-chip models [20]. In our work, we

selected gels mimicking cartilage ECM composition, firstly verifying
their compatibility with chip injection. Gelation times of all the tested
gels was sufficiently long to allow injection before complete polymeri-
zation, in accordance with the literature [23]. We then tested the me-
chanical properties of different gel compositions, showing that G’ was
lower than 500 Pa for all the tested hydrogels. The highest G’ value of
MIX hydrogels was not surprising, considering the dual nature of their
crosslinking (i.e. physical (temperature) and chemical (UV)). For these
gels, the significantly lower values of G after physical crosslinking as
compared to G’ values after UV exposure indicated a predominant effect
of the photocrosslinking on the viscoelastic properties. Furthermore,
collagen content of MIX gels influenced the mechanical properties of the
gels, since MIX 1:2 showed higher storage modulus (G') values than MIX
1:6, compatibly with the higher collagen content of the former [24].
Although all G’ values are far from the compressive modulus of articular
cartilage (0.02-1.16 MPa in the superficial zone and 6.44-7.75 MPa in
the deep zone [25]), most of the hydrogels developed for cartilage en-
gineering have similar compression moduli [20]. In this context, several
works have investigated the effect of matrix stiffness on chondrocyte
behavior, reporting conflicting outcomes [26]. In particular, it has been
demonstrated that MSC embedded in a HA-PEGDA hydrogel with a
storage modulus ranging from 135 to 185 Pa promoted a complete
repair of a full-thickness cartilage lesion in rats and that an increase in
the material stiffness resulted in poor chondrogenesis, driving MSC
differentiation towards bone cells [27]. We observed a decrease in
chondrocyte viability over time in our hydrogels, although at day 10 the
number of viable chondrocytes was still above 70 % for HA-PEGDA,
close to literature data [28], and confirming HA-PEGDA
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cytocompatibility. Methacrylated hydrogels (HA-MA and MIX formula-
tions), showed a more marked decrease in cell viability, possibly related
to the presence of residual crosslinker, as speculated in previous studies
reporting a reduction of chondrocyte viability to 60 % in HA-MA [29]
and to 50 % HA-MA/GelMa gels [30]. Although UV-based polymeriza-
tion is faster compared to enzymatic or chemical polymerization, the
potential residual cytotoxicity of the chemical crosslinker, especially in
microfluidic devices with limited mass transport [31], can lead to low
cell viability, in line with our findings. This aspect can possibly limit the
application of UV-photocrosslinkable hydrogels in microfluidic systems.
Besides showing higher viability, HA-PEGDA embedded chondrocytes
also expressed higher levels of Collagen-II and Aggrecan. This improved
chondrocyte differentiation was not due to differences in matrix stiffness
as reported in other works [32], since similar G’ values were measured
for all the tested hydrogel. Although improved chondrogenic differen-
tiation has been reported also for HA-MA gels [21] and hydrogels
combining GelMA and HA-MA [30,33], in our study these gels induced
weaker expression of chondrogenic markers compared to HA-PEGDA.
The short culture timeframe and the lack of chondrogenic factors in
the medium can, at least partially, account for the poor performance of
HA-MA-based hydrogels in our experimental set-up, compared to liter-
ature data.

A limitation of our model is the absence of macrophages in the sy-
novial compartment, which was due to the impossibility to isolate a
sufficient number of macrophages from the synovial membrane biopsies
or from a peripheral blood sample obtained from the same patients.
However, the use of synovial fluid from OA patients in the model still
allowed to monitor the effects on fibroblasts and chondrocytes of pro-

inflammatory mediators, which in vivo are released in the synovial
fluid both from articular cells and from macrophages resident and/or
infiltrated in the synovial membrane. Our approach in fact differs from
other OA joint-on-a-chip models, which rely on mechanical overload
[11] or chemicals [34] to drive OA onset, with the disadvantage of
considering a single factor as disease-inducing stimulus.

The addition of OA-SynFlu modified the behavior of joint cells in our
system, causing a hyperproliferation of chondrocytes, an early event
occurring in OA onset [35], and showing a cytotoxic effect in fibroblasts.
Studies on synovial fibroblasts in OA conditions reported an
inflammation-induced cell death [36], in accordance with our findings.
Besides the effects on cell viability, we observed an increase in cytokine
production, in line with the reported increase of IL6, IL8 and TNFa in 2D
cultures of chondrocytes exposed to OA-SynFlu [37] and in SynFlu and
plasma of arthritic patients [38]. Interestingly, some of these cytokines
were increased by OA-SynFlu in both cell types, whilst others such as
TNFa, were upregulated only in synovial fibroblasts, highlighting a
different effect of OA-SynFlu on articular cells. Furthermore, we
observed an increase in cell senescence in both cell types in response to
OA-SynFlu, which can be associated to the augmented levels of ILS8,
MMP1 and MMP13, major components of the senescence-associated
secretory phenotype. We highlighted also a modification of differenti-
ation markers and catabolic enzymes production with the addition of
OA-SynFlu in our chip. An increase of Collagen-I transcriptional
expression has been highlighted during OA onset [39], supporting the
activation of a de-differentiation process in OA chondrocytes. On the
contrary, we did not evidence an increase in Collagen-I in synovial fi-
broblasts, in contrast with other literature reports. The difference is
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possibly due to the short timeframe in our model compared to the
insurgence of synovial fibrosis, which takes place in end-stage phases of
the disease [40]. The duration of our experiments was in fact limited to
10 days due to the high remodeling of the fibrin matrix from synovial
fibroblasts, leading to gel degradation and subsequent cell migration

into the central channel at longer time points.

MMP1 and MMP13 are two of the major effectors of cartilage
degradation, being able to cleave the C-terminus of Aggrecan and
degrade Collagen-II [41]. We showed an increase of both enzymes in
synovial fibroblasts and chondrocytes in response to OA synovial fluid,

10
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in line with other literature studies reporting the upregulation of matrix
metalloproteinases in chondrocytes and in co-cultures of synovial fi-
broblasts and chondrocytes primed with OA synovial fluid or inflam-
matory mediators [42,43]. Finally, in a proof-of-concept experiment, we
tested the possibility to exploit our OA joint-on-a-chip as a personalized
assay for the screening of anti-OA therapies, evaluating the effects of the
injection of mesenchymal cells (MSCs). This promising approach mainly
relies on the secretion of a huge amount of immunomodulatory and
trophic factors by MSCs, acting as a sort of “drugstore” [44], rather than
on their multi-differentiative capacities. Although MSCs have already
been used in several clinical approaches [45], how their efficacy may
depend on patient-specific factors remains to be clarified. Previous
works highlighted a high inter-donor variability in terms of cytokine
content of OA-SynFlu [46] or features of articular chondrocytes [14].
BMSC features have also been shown to change according to the arthritic
stage of the synovial fluid they are exposed to [47] and similarly, the
anti-inflammatory capabilities of these cells are known to vary based on
the inflammation grade of the surrounding articular cells [48]. In this
context, conflicting results have been reported on the effects of MSCs on
OA chondrocytes and/or synovial fibroblasts, since either a decreased
expression of MMP1 and MMP13 after BMSC treatment [49] or no ef-
fects with MSC addition [50] have been reported. Furthermore, chon-
drocytes co-cultured with BMSCs and ASCs in vitro showed a lower
expression of pro-inflammatory cytokines, such as IL1p, IL6, IL8, and
TNFa [48] but also an increase of MSCs production of IL6 in the presence
of OA-SynFlu has been reported [47]. The short treatment timeframe of
our experiments allowed us to evaluate only fast-occurring modifica-
tions of the system such as the reduction of inflammatory cytokines and
the alterations in the production of MMP1 and MMP13 that are reported
to occur in a few days [51], but not later events such as ECM regener-
ation. Both MMP1 and MMP13 are involved in the breakdown of
Collagen, with MMP13 specifically targeting Collagen II. MMP-13,
predominantly expressed by chondrocytes, is upregulated in OA and is
associated with the proteolytic processes leading to cartilage degrada-
tion in OA [52]. Similarly, elevated levels of MMP1 are often observed in
OA, and are recognized to contribute to cartilage degradation. MMP-1 is
produced by various cells, including synovial fibroblasts and articular
chondrocytes [53], and its activation is considered a key event in the
pathological process leading to cartilage breakdown [54]. Altogether,
our findings show how each patient-specific model displays a different
behavior in terms of cytokine modulation and degradative enzyme
production, depending on the patient-specific combination of articular
cells and synovial fluid, since the same MSCs were injected in all pa-
tients. A high inter-donor variability emerged from our data, high-
lighting how personalized models can be more predictive of the
treatment outcome. Nevertheless, we do not envisage an approach in
which patient-specific models can be used for the benefit of the single
patient, rather, they can be used for the stratification of OA patients, and
this could be useful for better targeting the clinical application of MSCs,
albeit our results are limited to a very small number of donors. To
overcome this hurdle, a higher number of donors will be needed to
validate the chip as a screening platform. It should be highlighted that a
major limitation of this study resides in the inclusion of only two tissue
compartments in the system. Subchondral bone is indeed known to
strictly interact with the cartilage compartment and is subjected to
important changes during OA. However, the complexity of organotypic
models should be finely balanced to avoid overcomplicating the system,
which may pose significant challenges in terms of model reproducibility
and reliability [55]. Hence, here we decided to focus on synovium and
cartilage compartments which in the joint are in direct contact with
synovial fluid and are directly targeted by the action of MSCs when
injective treatments are applied to the joint. However, despite falling
beyond the scope of this specific study, the inclusion of bone in the
system might represent a significant advancement to increase the rele-
vance of this model.

In conclusion, we developed a joint-on-chip model based on a
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hydrogel mimicking the composition of the cartilage extracellular ma-
trix to promote the maintenance of chondrocyte viability and pheno-
type. Adding synovial fluid from OA patients allowed reproducing some
hallmarks of OA disease, such as increased cell senescence, production
of inflammatory cytokines and matrix degradation enzymes. The proof-
of-concept application of a patient-specific model allowed screening the
effects of MSCs injection on OA signatures, evidencing a high depen-
dence of treatment efficacy on patient characteristics.
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