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Abstract (175 words) 1 

Osteoarthritis (OA) is the most common human musculoskeletal disease. Its social impact is 2 

expected to increase dramatically due to population ageing but therapy is still limited to palliative 3 

treatments or surgical intervention. The shortage in OA disease modifying (DMOA) drugs is mainly 4 

related to the absence of valid OA pre-clinical models and the demand for innovative in vitro tools 5 

able to reliably predict DMOA drug efficacy is therefore urgent. In this study, we developed a 6 

microscale platform enabling, for the first time, the application of a finely strain-controlled 7 

compression to a 3D microconstruct. Upon generation of an in vitro model of human Cartilage-on-8 

Chip (CoC), we demonstrated that a 30% confined compression, recapitulating mechanical factors 9 

involved in OA pathogenesis, is sufficient to induce OA traits, accounting for i) a shift of cartilage 10 

homeostasis towards catabolism and inflammation, ii) triggering of hypertrophy and, iii) acquisition 11 

of a gene profile correlating with clinical OA evidences. As demonstrated by a proof-of-principle 12 

pharmacological validation, the presented CoC model represents a powerful tool to potentially 13 

screen the potency of DMOA candidates.  14 
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Introduction 1 

Osteoarthritis (OA) is the most prevalent human musculoskeletal disease1. The incidence 2 

of symptomatic OA is expected to increase due to the aging of the population, making OA 3 

the worldwide fifth leading cause of disability by 20202. Despite the high prevalence, 4 

however, no effective pathology-reversing treatment is currently available and this makes 5 

the research for new therapies extremely urgent.  6 

OA is a multifactorial disease characterized by a whole joint pathological active response 7 

to environmental factors, being abnormal mechanical loading and oxidative stresses 8 

among the most relevant3. Such factors trigger an unbalance of anabolic/catabolic 9 

activities, which causes a dysfunction of articular chondrocytes and the onset of 10 

inflammation, eventually resulting in cartilage degeneration and alterations of subchondral 11 

bone, synovium and ligaments4. The multifactorial etiology of the disease increases the 12 

difficulty in generating relevant pre-clinical models of OA5. In vivo models provide a better 13 

reflection of the naturally-occurring whole-joint disease, but they are costly and time 14 

consuming; furthermore, a paradigmatic shift towards the 3R principles in preclinical 15 

studies makes in vitro modeling of the disease highly desirable6. However, currently 16 

available in vitro models are too simplistic and often fail in predicting drug candidates 17 

effects thus calling for more complex and physiological systems5. 18 

Articular cartilage’s extracellular matrix (ECM) is a complex environment whose 19 

biochemical composition and hierarchical structure allow a lifelong withstanding of cyclic 20 

loading with up to 300% of the body weight7,8. Specifically, cartilage ECM is composed by 21 

a fluid phase consisting of water and electrolytes, and a solid phase, primarily constituted 22 

by fibrillar and non-fibrillar collagens (mainly collagen type-II and type-I, but also type-VI, 23 

IX and XI), negatively charged proteoglycans (PGs) (mostly aggrecan and lubricin) and 24 

hyaluronic acid3,8. Physiological compression of articular cartilage induces a complex 25 

mechanical environment that is characterized by stresses, strains, osmotic and hydrostatic 26 

pressures, interstitial fluid flow and electrokinetic effects varying in time and space8–10.  27 

Lately, three-dimensional (3D) macroscale systems integrating cells, soluble factors and 28 

ECM-like matrices have been used to model articular cartilage, aiming at recapitulating 29 

both cellular specific architecture and mechanical environment9,11,12. Whilst holding huge 30 

promises as grafts to promote repair of joint injuries13,14, the generation of such 31 

engineered cartilage constructs requires bioreactor systems which may be bulky and hard-32 

to-use bioreactor systems, thus prevent their wide-spreading as in vitro models15.  33 
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Difficulties in reproducing in vitro a cartilaginous tissue increase when trying to recapitulate 1 

a pathological, OA cartilage status. Current in vitro models rely either on biochemical 2 

(cytokine-based) or mechanical (load-based) stimulation. Cytokine-based models are, 3 

however, built on over-dosages of inflammatory cocktails, which induce a downstream 4 

effect rather than recapitulating the actual OA environment found in vivo5. On the other 5 

hand, load-based models hold the potentiality of triggering an OA-like response without 6 

the need for supraphysiological doses of biochemical stimuli. Indeed, increasing evidence 7 

correlates mechanical abnormalities such as obesity, trauma, or joint misalignment to OA 8 

onset3, classifying the biomechanical environment as a key player involved in disease 9 

evolution. Load-based models introduced so far are largely based on macroscale 10 

bioreactors and were instrumental in defining a background on the mechanism involved in 11 

the pathological load response16,17. However, they often fail in finely tuning the stimuli 12 

provided to the tissue and thus in capturing the native joint physiological/pathological 13 

environment18. Existing load control systems, on one side, do not account for 14 

pathophysiological levels of compression, while strain-controlled devices are affected by 15 

reaction forces largely dependent on scaffolds’ mechanical responses5.  16 

Organs-on-chip are an emerging technology able to recapitulate organ functions into 17 

microscale platforms, with unprecedented adherence to pathophysiological conditions6,19. 18 

Recent advances in microfabrication techniques allowed to precisely control the 3D 19 

architecture of cellular compartments20, while integrating medium perfusion, delivery of 20 

soluble factors and accurate biophysical stimulation (i.e. 3D mechanical stimuli)21–23. 21 

These unique characteristics currently make organs-on-chip technology an extremely 22 

promising candidate for pre-clinical drug screening. Furthermore, they proved advantages 23 

of reduced reagents requirement and ease of manipulation, which makes them particularly 24 

appropriate for high-throughput discovery campaigns24  25 

In this study, we developed a microscale platform able to reproducibly generate in vitro 26 

models of human Cartilage-on-Chip (CoC). Thanks to a unique mechanical actuation 27 

system, recapitulating the mechanical stimuli involved in OA pathogenesis and specifically 28 

compression as main components of cartilage deformation, OA traits can be induced in 29 

our CoC both shifting matrix deposition/resorption balance towards catabolism and 30 

triggering a gene profile correlated with clinical OA evidences. Clinically approved and 31 

novel anti-inflammatory/anti-degrading drugs were administered to the established 32 
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osteoarthritic CoC model, proving its potentiality to serve as an effective pre-clinical tool 1 

for testing new DMOA candidates in a predictive fashion.  2 

 3 

Results 4 

Microscale platform for 3D mechanical confined compression 5 

A microscale platform was conceived to apply a uniform and confined mechanical 6 

compression to a 3D cartilage microconstruct (Fig. 1a). The platform comprises two 7 

chambers divided by a flexible membrane (Fig. 1b): i) an upper culture chamber hosting 8 

the 3D microconstruct, and ii) a lower chamber exploited as actuation compartment. All 9 

components were realized in polydimethylsiloxane (PDMS) and assembled as 10 

schematically depicted in Fig. SI1. Specifically, the culture chamber consists in a 300µm 11 

wide central channel hosting the 3D microconstruct (Fig. 1b, blue channel), surrounded by 12 

two side channels for culture medium supplementation (Fig. 1b, red channels). Based on a 13 

concept previously developed by our group23, the central channel is limited by two parallel 14 

arrays of hanging posts, conceived with the double function of i) confining a cell-laden pre-15 

polymer solution throughout the seeding and polymerization phases and subsequently ii) 16 

defining a stroke length controlling the mechanical actuation mechanism. In rest position 17 

(Fig. 1c), a gap divides the hanging posts from the flexible membrane, maintaining the 3D 18 

microconstruct in a relaxed state. Upon pressurization of the actuation compartment, the 19 

flexible membrane bends upwards till it abuts against the posts’ bottom ends (Fig. 1d), 20 

causing a confined compression of the 3D microconstruct. When the pressure is released, 21 

elastic recoil causes the membrane and the 3D microconstruct to relax to their original rest 22 

configurations. Notably, the proposed microscale platform allows to precisely tailor the 23 

level of mechanical compression by tuning the gap underneath the hanging posts. In this 24 

study, in particular, two gap sizes were designed to achieve a 10% and a 30% 25 

compression level, respectively (Fig. SI2). Furthermore, the shape of the posts was 26 

specifically conceived to minimize the lateral expansion of the 3D microconstruct during 27 

compression, while permitting mass exchanges at the interface between cells and culture 28 

medium. In details, a T-shaped resistant section was selected to minimize posts’ outward 29 

bending arising from the increased pressure generated upon 3D microconstructs 30 

compression, and a 30µm gap was chosen to separate consecutive posts from to each 31 

other (Fig. 1b, white features). The actuation compartment included two rows of 32 

scaffolding posts to prevent from membrane buckling. A picture of the assembled platform 33 
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is shown in Fig. 1e, while Fig. 1f extrapolates a detail depicting the T-shaped hanging 1 

posts. 2 

 3 

Fig. 1 Microscale platform for mechanical confined compression of 3D cell microconstructs. 4 

a, b, The microscale platform consists in two compartmentalized PDMS microchambers, featuring 5 

configurable geometries and separated by a PDMS membrane. The top compartment is 6 

subdivided, by means of two rows of T-shaped hanging posts (white), into a central channel 7 

hosting the 3D microconstruct (blue) and two side channels for medium supplementation (red). 8 

The bottom chamber (grey) represents the actuation compartment. c, d, By pressurizing the 9 

bottom compartment, the PDMS membrane deforms, compressing the 3D microconstruct and 10 

eventually abutting against the posts’ ends, causing a confined compression of the microconstruct. 11 

e, Picture of an actual assembled platform. f, Inset of the T-shaped posts viewed from above. 12 

(Scale bar, 100 µm).  13 

Providing confined compression: strain field determination 14 

The gel deformation field associated with the highest compression level (30%) was 15 

evaluated through a finite element model (FEM). An enzymatically cross-linked and MMP-16 

degradable poly (ethylene glycol) (PEG) based hydrogel25 was considered to provide cells 17 

with a tissue-mimicking 3D environment. Likewise cartilage, hydrogels exhibit a largely 18 

non-linear and strain rate-dependent behaviour resulting from the interaction between the 19 

two material constituents, namely a solid matrix and an incompressible permeating fluid, 20 

as well as from the inherently viscoelastic property of the former and the viscosity of the 21 

latter26,27. A biphasic poroelastic (BPE) constitutive model was introduced to model the 22 
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cell-laden hydrogel, enabling, while underestimating the reaction forces of the 1 

cartilaginous tissues under compression, to accurately predict the corresponding lateral 2 

expansion28. Model parameters were inferred from literature data on PEG-based 3 

hydrogels. In details, Young modulus, Poisson’s ratio and permeability of 0.1 MPa25,26,29, 4 

0.3330 and 1.72x10-15 m4/Ns31, respectively, were considered. Owing to the periodic 5 

geometry of the channel, as well as to its symmetry (Fig. SI2), a minimal region of interest, 6 

comprising half T-shaped hanging post and the correspondent hexahedral PEG gel region, 7 

was adopted in computations (Fig 2a, Fig SI3). Nominal strains (NExx, NEyy, NEzz) were 8 

evaluated to estimate lateral and longitudinal expansion values associated to the hydrogel 9 

compression along the z-direction (Fig 2b, Movie S1). A random point-cloud was 10 

generated within the control volume: for each point, the closest node of the computational 11 

grid was selected; based on the displacement of the selected nodes nominal strains were 12 

computed.  FEM predictions attested low and overall uniform axial and lateral strain values 13 

in the control volume (Median ± SD, of 1.76% ± 0.22% and 0.02% ± 0.006% for NExx and 14 

NEyy, respectively), with peak values in lateral and longitudinal expansion appearing near 15 

the windows between posts. 16 

Numerical results were validated experimentally. First, a calibration allowed the definition 17 

of the pressure to be applied to the actuation chamber to achieve contact between the 18 

flexible membrane and the hanging posts upon stimulation (Fig. SI4). Then, the strain field 19 

upon compression was evaluated. The central culture chamber was filled with PEG laden 20 

with polystyrene beads (diameter 10 μm). Lateral and longitudinal expansions were 21 

assessed measuring beads’ displacements upon subjecting the gel to the desired 22 

compression (Fig. 2c). Experimental values of 2.21±2.20% and 0.59 ± 2.38% along X and 23 

Y, respectively, were in good accordance with numerical estimations (Fig. 2d) and 24 

confirmed the achievement of a uniform confined compression state. 25 
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1 
Fig.2 Constructs deformation field: computations and experimental validation. a, Top view 2 

and 3D schematization of the region considered in computations. The minimal region of interest is 3 

shaded. Symmetry planes were considered as boundary conditions. Both the rest position 4 

(Undeformed) and the compressed gel state (Deformed) are displayed. b, Strain deformation field 5 

normal directions. The strain field is reported through Nominal strains (NE) values in the normal 6 

directions XX, YY and ZZ. Lateral and longitudinal expansions are limited in the central gel 7 

constructs and the strain distribution is homogeneous. Peaks appear in correspondence of the 8 

windows between posts. c, Experimental evaluation of the deformation field. Polystyrene beads 9 

were embedded in PEG gel. The beads displacement was assessed upon compression of the gel 10 

and strains measured along X and Y, resulting respectively equal to 2.21% ± 2.20% and 0.59% ± 11 

2.38%. White dots and clear circles are representative of two couple of beads used for strain 12 

measurement along X and Y respectively. (Scale bar, 100 μm; picture showing the deformed 13 

state). A total of n=9 independent experiments was considered. 7 couples of beads per experiment 14 

were used in assessing the strain along each direction. d, Resulting NExx and NEyy predicted 15 

numerically and estimated experimentally were compared. Experimental results show good 16 

adherence to computational estimates for strains along both the X (xx) and Y(yy) directions. Data 17 

are plotted as mean ±SD. A total of 63 couples of beads (for experimental results) and nodes (for 18 

computational results) was considered for each direction. 19 

Establishment of a model of human CoC 20 

The microscale device was first used to establish a model of healthy human Cartilage-on-21 

Chip (CoC). Human articular chondrocytes (hACs) isolated from healthy donors (n=5) 22 
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were embedded in PEG gel and injected into the microscale platform (Fig. SI5a, Fig. 1 

SI6a). After 14 days of chondrogenic conditioning under static regimen (Fig. SI5b), a 2 

cartilage microconstruct was obtained. Notably, the 3D microconstruct was still confined 3 

within the two arrays of hanging posts (Fig. SI6b), thus ensuring the geometrical control 4 

over the subsequently imposed mechanical stimulation. Immunofluorescence analysis 5 

revealed a high deposition of cartilaginous proteins upon two weeks of differentiation. In 6 

details, a dense extracellular matrix rich in collagen type-I, collagen type-II and aggrecan 7 

was detected at day 14 (Fig. 3a). Collagen type-I and aggrecan were already slightly 8 

expressed by hACs at day 0 but remained mostly intracellular up to day 3. Quantification 9 

of glycosaminoglycans (GAGs) synthesized during the culture period confirmed a 10 

statistically significant increase of GAGs at day 14, as compared to both day 0 and day 3 11 

(Fig. 3b). Gene expression analysis through real-time quantitative PCR (RT-qPCR) also 12 

indicated an upward trend in COL2A1/COL1A1 ratio during the two weeks of 13 

differentiation, approaching the level found in native cartilage (Fig. 3c). The time course of 14 

articular cartilage signature genes expression was also assessed by RT-qPCR (Fig. 3d). 15 

Expression of the articular cartilage-specific genes aggrecan (ACAN) and lubricin (PRG4), 16 

significantly increased during the culture and matched at day 14 the level of the genes 17 

detected in native chondrocytes. Specifically, ACAN expression showed a constant 18 

increasing trend along the two differentiation weeks, while PRG4 expression was already 19 

highly upregulated after three days. The expression of GDF5 and autotaxin (ATX), low in 20 

native adult chondrocytes and associated with joint interzone embryonic development32 21 

and regulation of cartilage formation33, increased over time, with the expression of ATX 22 

reaching a plateau already after three days. Finally, expressions of wingless-type MMTV 23 

integration site (Wnt) antagonist Frizzled-related protein (FRZb) and Bone Morphogenetic 24 

Protein (BMP) antagonist Gremlin-1 (GREM1), genes expressed in adult hACs34, were 25 

characterized by a statistically significant upward trend during the two weeks of culture, 26 

again approaching after 14 days the level found in native chondrocytes. 27 
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 1 

Fig. 3 Establishment of a human model of healthy CoC. a, Aggrecan, collagen type-I and 2 
collagen type-II expression was assessed by immunofluorescence, revealing a dense cartilage-like 3 
extracellular matrix deposition upon 14 days of differentiation (representative pictures. Scale bar, 4 
100 µm). b, CoC maturation was also confirmed by the statistically significant increase in GAG 5 
production during the 14 days of differentiation. Statistics by One-way ANOVA with Bonferroni’s, 6 
single pooled variance, multiple comparison test. *P = 0.0446, **P= 0.0011. n=9 biologically 7 
independent samples from 3 different donors were considered c, the COL2A1/COL1A1 expression 8 
ratio (n=15 biologically independent samples from 5 different donors) and d, the time course 9 
expression of a panel of genes characterizing articular cartilage were quantified by RT-qPCR and 10 
compared with expression level in native healthy chondrocytes (in red, n=3 biologically 11 
independent samples from 5 different donors). All gene expression values are normalized relative 12 
to GAPDH expression and values are log scale. n=15 biologically independent samples from hAC 13 
of 5 different donors were generated and analysed; results are expressed as mean (centre values) 14 
+ SD (measure of dispersion), *a P = 0.0268, *b P = 0.0237, *c P = 0.0353, *d P = 0.019, *dP = 15 
0.0393, **P = 0.0021, ***P < 0.001 ****P<0.0001). Statistics by one way ANOVA and Bonferroni’s 16 
multiple comparison tests (normal distributions), or Kruskal-Wallis test with Dunn’s multiple 17 
comparison test (non-normal distributions) in all graphs where statistical analysis is reported. A two 18 
tailed Mann-Whitney test was used to compare gene expression of cells cultured in the device for 14 19 
days and of a pool of 5 healthy donors. Statistical significance is indicated in red. 20 

 21 
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Effect of mechanical compression on CoC anabolism  1 

The microscale device was then used to mechanically control the environment of the 2 

achieved CoC. Mechanical stimulation was applied through an electro-pneumatical 3 

actuation system (Fig. SI7). Upon 14 days of maturation, the established CoC model 4 

underwent seven days of mechanical stimulation at different levels of compression. 5 

Specifically, either Physiological (10%, PC) or Hyper-Physiological (30%, HPC) 6 

Compression was delivered, with a pattern resembling the daily walk routine (i.e. 7 

frequency 1Hz, 2h stimulation, 4h rest, 2h stimulation, 16h rest per day) (Fig. SI5c). 8 

Control devices were cultured under static conditions during the stimulation period. HPC 9 

was tested for direct cell death through LIVE/DEAD assay and negligible cellular death 10 

was detected (Fig. SI8). GAG production was not affected by any compression regimen 11 

(Fig. 4a) but maintained an increasing trend when compared to the beginning of 12 

mechanical stimulation (Fig.3b). HPC however led to a decreasing trend in 13 

COL2A1/COL1A1 mRNA and a significant reduction in ACAN mRNA expression, as 14 

compared to both control and PC (Fig. 4b, c). This result indicates that the 15 

hyperphysiological load condition simulated in the CoC triggers a loss of expression of 16 

anabolic genes. 17 

 18 

Fig. 4 Effect of mechanical compression on CoC 19 
anabolic traits. a, At the protein level, GAG production was 20 
not modulated upon mechanical compression. (n=9 21 
biologically independent samples from 3 different donors; 22 
results are mean + SD). b, c, RT-qPCR analysis revealed a 23 
decreasing trend for COL2A1/COL1A1 mRNA expression 24 
upon HPC and a statistically significant down-regulation of 25 
ACAN mRNA expression in the same condition, as 26 
compared to static control and PC. (n=15 biologically 27 
independent samples from 5 different, results are mean + 28 
SD, *P = 0.0108 ***P < 0.001). All gene expression values 29 
are normalized relative to GAPDH expression and values are 30 
log scale. Statistics by Kruskal-Wallis test with Dunn’s 31 
multiple comparison test (non-normal distributions) in all 32 
graphs where statistical analysis is reported. 33 

 34 

HPC induces MMP-13 production and inflammation 35 
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After two weeks of maturation, the effect of seven days of mechanical compression on the 1 

CoC catabolic and inflammatory profile was investigated. MMP-13 is the main enzyme 2 

responsible for collagen type-II and aggrecan degradation, playing a role in cartilage 3 

degeneration35. Immunofluorescence analysis revealed that both mechanical compression 4 

levels promoted the intracellular expression of MMP-13 (Fig. 5a). However, HPC led to a 5 

higher co-localization of DIPEN, an aggrecan MMP-generated C-terminal aggrecan 6 

neoepitope36, within MMP-13 positive cells, suggesting a higher matrix-degrading activity 7 

(Fig. 5a, Movie S2). Coherently, HPC induced a statistically significantly higher secretion 8 

of pro-MMP13 (Fig. 5b) and enhanced MMP13 gene expression (Fig. 5c), as compared to 9 

both control and PC. Treatment of the CoC with a supraphysiological dose of IL1β (Fig. 10 

SI9a, IL1β high) resulted in a similar increase of MMP13 as compared to static control, 11 

while low doses of IL1β didn’t affect MMP13 expression (Fig. SI9a, IL1β low). The 12 

degrading effect of mechanical HPC was specific for MMP-13, being ADAMTS5 13 

expression not modulated among the different conditions (data not shown). The effect of 14 

HPC on inflammatory genes expression was also assessed. Interestingly, HPC induced a 15 

significant upregulation of a key pro-inflammatory cytokine, namely IL8, as compared to 16 

both control and PC (Fig. 5c), thus suggesting the onset of inflammation in the model. 17 

Moreover, IL6 expression exhibited a slight increase upon HPC. Again, treatment of the 18 

CoC with a supraphysiological dose of IL1β (Fig. SI9b, c IL1β high) resulted in a significant 19 

increase of IL6 and IL8 as compared to static control, while low doses of IL1β didn’t affect 20 

their expressions (Fig. SI9a, IL1β low). 21 
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 1 

Fig. 5 Effect of mechanical compression on CoC catabolic enzymes, inflammation, hACs 2 
phenotypic switch and OA-correlating gene profile. a, MMP-13 (grey) and DIPEN (red) 3 
expression were analysed by immunofluorescence staining, revealing a higher intracellular 4 
expression of MMP-13 in both mechanical compression conditions. Dapi was used as nuclear 5 
counterstaining. (Scale bar, 100 µm). b, Pro-MMP13 secreted in the culture medium was 6 
quantified and indicated a statistically significant higher production upon HPC, as compared to 7 
control and PC. (n=9 biologically independent samples from 3 different donors, statistics by 8 
Kruskal-Wallis test with Dunn’s multiple comparison test (non-normal distributions) **P = 0.0045, ***P 9 
< 0.001). c, Expression of genes responsible for matrix degradation and inflammation (MMP13, 10 
IL6, IL8) was measured by RT-qPCR, indicating unbalance towards a catabolic-preferential and 11 
inflamed microenvironment upon HPC. (statistics by Kruskal-Wallis test with Dunn’s multiple 12 
comparison test (non-normal distributions), n=15 biologically independent samples from 5 different 13 
donors; *aP = 0.0307, *b = 0.0337, ***P < 0.001). All gene expression values are normalized 14 
relative to GAPDH expression and values are log scale. d, Gene responsible for cartilage 15 
hypertrophic differentiation (COL10A1, IHH) significantly increased their expression upon HPC. 16 
(statistics by Kruskal-Wallis test with Dunn’s multiple comparison test (non-normal distributions), 17 
n=15 biologically independent samples from 5 different donors; *P = 0.0233, **aP = 0.0017, **bP = 18 
0.0018, **cP = 0.0048). All gene expression values are normalized relative to GAPDH expression 19 
and values are log scale. e, Expression of genes inversely correlated to OA in clinics was down-20 
regulated in the proposed CoC model upon HPC. (statistics by Kruskal-Wallis test with Dunn’s 21 
multiple comparison test (for non-normal distributions, FRZB and DKK-1),or by one way ANOVA with 22 
Bonferroni’s multiple comparison tests (normal distributions, GREM1) in all graphs where statistical 23 
analysis is reported; n=15 biologically independent samples from 5 different donors; *aP = 0.0109 , 24 
*bP = 0.0261 ****P<0.0001). Results are mean + SD. 25 
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HPC induces a gene profile correlating with OA 1 

We further characterized the effect of mechanical compression on inducing hypertrophic 2 

traits in the CoC. As expected, COL10A1, naturally not expressed by healthy hACs, was 3 

poorly expressed at a gene level by CoC cultured under static condition. While COL10A1 4 

expression was not altered upon seven days of PC, HPC induced a significant 5 

upregulation of COL10A1 expression, suggesting the triggering of a hypertrophic 6 

differentiation of hACs towards transient chondrocytes (Fig. 5d). Similarly, the expression 7 

of Indian Hedgehog (IHH), a master regulator of hypertrophic chondrocytes 8 

differentiation37, was significantly increased upon HPC (Fig. 5d). Conversely, the 9 

application of IL1β (either at low38 or high doses39) to articular chondrocytes cultured either 10 

in monolayer or in 3D within the established CoC model didn’t lead to an increase of these 11 

genes, thus not mirroring hypertrophic traits characterizing OA progression (Fig. SI10a, b). 12 

BMP and Wnt signalling antagonists GREM1, FRZB and dickkopf 1 homolog (DKK1) were 13 

defined as articular cartilage’s natural brakes of hypertrophic differentiation34 and  their 14 

expression was inversely correlated with OA onset40. Interestingly, the pure application of 15 

HPC was sufficient to trigger a significant down-regulation of those genes in our CoC 16 

model, with levels matching those detected in native OA hACs (Table S1), thus suggesting 17 

the onset of a gene expression profile correlating with OA (Fig. 5e). Treatment of the CoC 18 

with a supraphysiological dose of IL1β resulted in a significant decrease of FRZB (Fig. 19 

SI9d, IL1β high), while it didn’t affect GREM1 or DKK1 expression levels (Fig. SI9e, f, IL1β 20 

high). None of these genes were instead modulated by treating the CoC with a low dose of 21 

IL1β (Fig SI9, d-f, IL1β low). 22 

Pharmacological validation of the OA CoC model  23 

Upon two weeks of maturation and one week of HPC, a CoC model exhibiting OA-like 24 

traits was achieved. This model was thus used to test the effect of drugs, which were 25 

already demonstrated to be associated with anti-inflammatory and anti-catabolic effects in 26 

preclinical and clinical studies (Fig. SI5d). Notably, serum and TGFβ were removed from 27 

the culture medium prior to drug administration, as possible masking/confounding factors.  28 

A “cytokine-based” model based on inflammation with a traditionally used high dose of 29 

IL1β39 directly applied within the established CoC model was also included for a 30 

preliminary screening over the effect of two selected drugs (i.e. Interleukin-1 Receptor 31 
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antagonist (IL1Ra)41 and Rapamycin). The effects of a broader spectrum of drugs on the 1 

expression of MMP13 (Fig. 6a, Fig. SI11a) and IL8 (Fig. 6b, Fig. SI11b) were then 2 

investigated in the OA-induced CoC, using DMSO as vehicle control (DMSO, 1:5000). 3 

Dexamethasone (10μM), a corticosteroid drug that prevents collagen degradation through 4 

the inhibition of inflammatory cytokines42, was used as reference compound43 and as 5 

expected strongly inhibited MMP13 expression, while not affecting the expression of IL8. 6 

Both tested doses of IL1Ra41 induced a statistically significant reduction in the expression 7 

of MMP13 and IL8 in our CoC model, and a similar trend was detected for IL8 in the IL1β 8 

treated system for the high IL1Ra dose (Fig. SI11a, b). Rapamycin was selected as mTOR 9 

activity inhibitor44, a macrolide compound critical mediator of mechanotransduction 10 

involved in the process of cartilage degeneration associated with post-traumatic OA45. In 11 

the CoC model, Rapamycin reduced the expression of MMP13 at both tested doses but 12 

had a significant effect on IL8 only at the highest dose (previously shown to increase 13 

autophagy46). Neither MMP13 nor IL8 expression was instead modulated by the same 14 

dose of Rapamycin in the IL1β treated system (Fig. SI11a, b). Celecoxib, a non-steroidal 15 

anti-inflammatory drug47, significantly reduced both MMP13 and IL8 expression in the CoC 16 

model.  17 

Once the model was validated on well-established anti-inflammatory/anti-catabolic 18 

compounds, a candidate currently under development by Fidia Farmaceutici SpA with 19 

proven MMP inhibition activity was tested48. The hyaluronic acid alkylamide HYADD®4, 20 

contained in the already approved viscosupplement Hymovis® (Fidia Farmaceutici SpA, 21 

Italy) and known to exert a competitive inhibition on matrix metalloproteases (MMPs)49, 22 

was supplemented to the system after thermal depolymerization, in order to reduce its 23 

viscosity, and compared to unmodified HA of similar low molecular weight (~50 kDa, LMW-24 

HA). The anti-inflammatory effect of the two compounds was comparable in terms of 25 

reduction of inflammation, as demonstrated by the decrease in IL8 expression, a pro-26 

inflammatory cytokine that has a key role in the pathophysiology of OA50 (Fig. 6c). 27 

HYADD®4 instead exhibited a statistically significant and selective effect on reducing the 28 

expression of MMP13 (Fig. 6d), one of its main hypothesized targets48, consistent with 29 

previous preclinical and clinical reports51.  30 

 31 
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 1 

Fig. 6 Drug screening on OA CoC model. a, b, The expression of MMP13 and IL8 in response to 2 
administration of known anti-inflammatory/anti-catabolic compounds was evaluated by RT-qPCR. 3 
Upon generation of the OA CoC model, drugs were supplemented to the culture medium for three 4 
days, while maintaining HPC. DMSO was used as vehicle. The mean expression value of the 5 
healthy control (i.e. Static CoC) is represented by the red horizontal line, while the mean 6 
expression of the untreated control (i.e. HPC CoC supplemented with DMSO only) is represented 7 
by the black horizontal line. All gene expression values are normalized relative to GAPDH 8 
expression and refer to the basal expression in the untreated control; values are log scale. 9 
Statistical significance was calculated against the respective untreated control. (n=9 biologically 10 
independent samples from 3 different donors, statistics by one way ANOVA with Dunnett’s multiple 11 
comparison tests (normal distributions, MMP13) or Kruskal-Wallis test with Dunn’s multiple 12 
comparison test (non-normal distributions, IL8) **aP = 0.0012,  **bP = 0.0030, ***P < 0.001 ****P < 13 
0.0001).c, d, The expression of MMP13 and IL8 in response to the administration of thermally 14 
depolimerized HYADD®4 and low molecular weight HA (~50 kDa, LMW-HA) was evaluated by RT-15 
qPCR. Upon generation of the OA CoC model, drugs were supplemented to the culture medium 16 
for three days, while maintaining HPC. DMSO was used as vehicle. The mean expression value of 17 
the healthy” control (i.e. Static CoC) is represented by the red horizontal line. All gene expression 18 
values are normalized relative to GAPDH expression and refer to the basal expression in the 19 
untreated control; values are log scale. (n=9 biologically independent samples from 3 different 20 
donors; Statistical significance was calculated against the respective untreated control. Statistics 21 
by Kruskal-Wallis test with Dunn’s multiple comparison test (non-normal distributions) in all graphs 22 
where statistical analysis is reported. **aP = 0.0023, **bP = 0.0016, ****P<0.0001. Results are mean 23 
+ SD. 24 
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Discussion 1 

In the present study, we propose a microscale platform integrating i) a PEG hydrogel-2 

based 3D microenvironment and ii) a mechanical actuation system able to provide defined 3 

levels of confined compression, as a tool to generate an in vitro model of Cartilage-on-4 

Chip (CoC). The platform was successfully used to elicit the acquisition of osteoarthritic 5 

traits by the newly formed cartilaginous tissue, through the sole imposition of a hyper-6 

physiological mechanical stimulation. A proof of principle of the advantageous applicability 7 

of the generated OA CoC model as drug screening platform was finally provided. 8 

In the native cartilage, chondrocytes are subjected to a variety of mechanical stimuli, 9 

which are yet difficult to recapitulate in vitro10. Dissecting the complexity of such joint 10 

mechanical microenvironment, we here focused on the compressive component, which is 11 

representative of the deformation field experienced by chondrocytes3. Recent advances in 12 

microfluidic and microfabrication technologies have enabled the integration of key 13 

mechanical cues (i.e. cyclic uniaxial strain) within 3D in vitro models, featuring a cellular 14 

relevant scale and an unprecedented level of control23. Building upon these cutting-edge 15 

technologies, we designed a platform able to apply, for the first time at the microscale, a 16 

controlled and confined axial compressive strain to a 3D cell-laden microconstruct, while 17 

limiting lateral and longitudinal expansion. Finite element modelling was used to optimize 18 

the geometrical features of the device and to evaluate the strain field within the 3D 19 

microconstruct volume. Remarkably, an overall homogeneity could be achieved in the 20 

Nominal Strains. Homogeneity in the applied mechanical cues indeed avoids exacerbating 21 

the response heterogeneity that is inherent to cell populations, thus limiting the presence 22 

of uncontrolled and confounding factors. Furthermore, the experimental validation proved 23 

a strong correspondence to the in-silico computations in terms of confined compression 24 

applied over the entire volume of the 3D microconstruct. Existing macroscale bioreactors-25 

based compressive models are either force-controlled or strain controlled. Force-controlled 26 

systems often induce not physiologically relevant strains5, since the associated forces  are 27 

largely dependent on the mechanical properties of the artificial scaffold16,17. Strain-28 

controlled systems, on the other hand, exhibit poor control over the actual provided 29 

mechanical stimuli. Compression of biphasic materials such as hydrogels, in fact, induces 30 

deformation of the solid component resulting into transient increases in the pressure of the 31 

permeating fluid. Pressure equilibrates as the fluid is forced out of the gel, generating 32 

unwanted pressure waves. Thanks to the increased surface to volume ratio characterizing 33 
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microfluidic systems, a rapid attenuation of the generated waves is instead possible at the 1 

microscale, thus avoiding this undesired effect of the matrix-fluid coupling52. The proposed 2 

device allows to provide a strain-controlled and locally well-defined mechanical stimuli to 3 

confined constructs characterised by a cartilage-like ECM, achieving compressive levels 4 

tailored to be consistent with those measured in vivo53,54. 5 

The designed microscale platform was first exploited to generate an in vitro model of 6 

human articular CoC, and subsequently to shift its mechanical microenvironment towards 7 

a hyper-physiological level. To this aim, we took advantage of a previously introduced 3D 8 

enzymatically cross-linked and MMP-degradable PEG hydrogel matrix25. The constitutive 9 

PEG hydrogel network is synthetic thus benefitting from a higher standardization with 10 

respect to naturally derived biomaterials55. Furthermore, it was chemically modified to 11 

enable metalloproteinase-mediated degradation, thus permitting tissue remodelling 12 

through physiologically relevant processes. By encapsulating adult hACs within PEG 13 

hydrogel and culturing them for 14 days, microtissues rich in collagen type-II and 14 

aggrecan, constitutive element of the articular cartilage ECM, were obtained. A panel of 15 

genes highly expressed in human articular cartilage (i.e. ACAN, PRG4, COL2A1/COL1A1 16 

ratio) were upregulated in the CoC and showed after 14 days of maturation an expression 17 

level comparable to that found in native healthy chondrocytes, confirming the physiological 18 

relevance of the system as cartilage model. Canonical Wnt inhibitor Frizzled-Related 19 

Protein (FRZB) and BMP antagonist Gremlin (GREM1) were recently identified as 20 

cartilage brakes of hypertrophic differentiation in adult human cartilage38. Their 21 

upregulation up to level comparable with native chondrocytes further demonstrates the 22 

maturation of the obtained CoC towards a stable articular cartilaginous tissue. Finally, 23 

increased expression of ATX and GDF5 over time could indicate an evolution of our model 24 

towards stable cartilage through the recapitulation of a developmental pathway32. It is 25 

worth noting that in our model cells mostly presented an elongated morphology after two 26 

weeks of maturation, while an ideal cartilaginous model would comprise chondrocytes with 27 

a more round morphology. Nevertheless, the fact that a dense matrix rich in cartilage ECM 28 

components could be achieved together with a gene expression panel not dissimilar to 29 

that of native chondrocytes make our model adequate in representing the functional 30 

response of cartilage on chip. Notably, the presented platform allowed achieving CoC 31 

models in a highly reproducible fashion starting from five different human donors, without 32 

any exclusion. This demonstrates the capability of the model in generating articular 33 
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cartilage constructs, regardless of the reported high donor-to-donor variability proper of 1 

primary hACs56. 2 

A series of clinical evaluations indicates mechanical abnormalities (e.g., due to obesity, 3 

trauma, joint misalignment) as one of the key risk factors in developing OA3. We thus 4 

hypothesized that a hyper-physiological mechanical stimulation could trigger the onset of 5 

early OA traits also in vitro. Intensity of the strain field in the cartilage upon mechanical 6 

compression is currently under debate and its reported values vary depending on the 7 

considered region within the joint, on the physical activity undertaken by the subjects and 8 

on disease progression3. Based on existing reports, two compression levels were chosen 9 

as representative of physiological (10%, PC) and hyper-physiological (30%, HPC) 10 

mechanical stimulations. While load-based in vitro models currently used to induce OA 11 

often rely on mechanical stimuli that disregard the in vivo joint condition and induce direct 12 

cell damage3,5, the compressive values applied here were demonstrated to modulate 13 

inflammation57, while still falling within the range of cartilage deformations occurring in 14 

vivo53,54. Moreover, cellular viability assays permitted to exclude that the anabolic-catabolic 15 

imbalance observed in our model was caused by overload-mediated cellular death3.  16 

The pathological changes observed in OA joints include a substantial alteration of stable 17 

articular cartilage homeostasis, mainly resulting in i) loss of cartilage matrix components, 18 

ii) increased inflammation and production of degrading mediators and iii) acquisition of 19 

hypertrophic traits. Accordingly, HPC applied in this study was sufficient alone to induce a 20 

catabolic imbalance in the CoC model, characterized by reduction of cartilage ECM 21 

constituents (i.e. COL2A1, ACAN), in line with previous findings58, and by the onset of an 22 

inflammatory microenvironment through IL6 and IL8 upregulation. Moreover, the 23 

production of degrading enzymes (i.e. MMP13) was significantly enhanced in response to 24 

HPC, suggesting the triggering of a tissue degradation process. ProMMP13 levels 25 

released in the supernatant were incremented only by the HPC, thus suggesting the 26 

presence of a triggering threshold for the mechanical overload. The onset of a 27 

hypertrophic cartilage phenotype 59 was also observed in our model, with increased gene 28 

expression level of COL10A1 and IHH upon HPC. Notably, this trend was not visible when 29 

“cytokine-based” model was used, regardless the concentration of IL1β or the dimensional 30 

scale of the model (2D vs. 3D), suggesting the better adequacy of our HPC-based system 31 

in modelling hypertrophic traits characterizing OA progression.  32 
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FRZb, DKK1, inhibitors of Wnt pathway, and GREM1, antagonists of BMP pathway, have 1 

been reported to play a key role in cartilage homeostasis60. A downregulation of these 2 

genes was demonstrated in human OA as compared to healthy cartilage, with a further 3 

drop in load bearing degraded zones within the same joint34. HPC led to a significant 4 

reduction of these genes’ expression, demonstrating the capability of the presented model 5 

to capture the Wnt and BMP antagonists dysregulation reported in osteoarthritis patients. 6 

Notably, previous in vitro studies34,60 achieved the downregulation of these genes following 7 

cytokine subministration (i.e. IL1β), and their upregulation upon mechanical stimulation 8 

within a physiological range. Here, we induced for the first time in vitro a downregulation in 9 

the expression of these genes upon application of an OA-like hyper-physiological 10 

compression. 11 

Presented data demonstrate the capability of the proposed platform to effectively induce 12 

cellular responses of our CoC model that have been correlated with the onset of OA in 13 

human joints, by the sole imposition of a mechanical hyper-physiological compression. 14 

Notably, these responses showed to be strictly dependent on both the compression level 15 

and the compression nature (confined) achieved by the specific design (Fig SI12), highly 16 

suggesting that they are mediated by mechanobiology rather than mere mass transfer 17 

phenomena. It is however worth mentioning that the identification of univocal and 18 

commonly accepted biomarkers for determining the switch between healthy and 19 

pathological cartilage is still a critical issue in the field. On one hand, the translation of 20 

clinically used prognostic and diagnostic biomarkers to in vitro systems is still poorly 21 

defined; on the other hand, a clear definition of pathways deregulation involved in OA 22 

aetiology is still lacking even in the clinical scenario 61. This huge gap makes the in vitro 23 

representation of the disease particularly cumbersome and recommends caution in 24 

claiming effective mirroring by proposed models of the joint pathology. Overall, a deeper 25 

understanding of the pathology basic mechanisms will be pivotal in bridging this gap and 26 

eventually defining the ideal in vitro model of OA. It is also worth mentioning that OA is a 27 

whole joint disease involving cartilage but also osteochondral bone and synovial tissue. 28 

While dissecting factors affecting single tissues, as proposed in this study, is instrumental 29 

in reducing complexity, the inclusion of multi-tissue interfaces and inter cellular cross-30 

talks62,63 will be the next essential step towards a “joint-on-chip” perspective. 31 

 32 
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Even if far from recapitulating a “whole OA joint”, the proposed HPC-based CoC model 1 

presents key cellular responses correlated with the onset of OA in the cartilage 2 

compartment (i.e. inflammation, catabolism/anabolism unbalance, onset of an hypertrophic 3 

phenotype) and it is thus a promising tool for testing the anti-OA effects of drug 4 

candidates. We here demonstrated that anti-inflammatory and anti-catabolic responses of 5 

both known drugs41,44,47 and compounds currently under investigation48 could be predicted 6 

by our model. Our results were consistent with data from previously reported animal 7 

studies41,47,64,65, and in some cases were able to predict effects not detectable by a 8 

traditional “cytokine-based” model (i.e. effects of Rapamycin).  9 

 10 

Outlook 11 

We presented an in vitro microscale platform enabling for the first time the application of a 12 

finely strain-controlled compression to a 3D microconstruct. We demonstrated the 13 

possibility to obtain stable and highly reproducible CoC and to elicit a biological response 14 

to mechanical overload, which correlates with key traits triggered during OA onset. 15 

Moreover, this model predicted effects of anti-inflammatory/anti-catabolic drugs and 16 

results were consistent with existing preclinical and clinical reports. The prediction of drug 17 

responses was instead poor in the commonly used cytokine-based model. The proposed 18 

platform gives, therefore, a first proof of concept on the possibility of creating miniaturized 19 

in vitro models closely representing a joint degenerative pathology such as OA. The here 20 

presented CoC model will serve both in performing basic research towards a better 21 

understanding of OA pathophysiology and, through the implementation of a higher-22 

throughput version24, as a powerful tool to screen anti-OA candidates, speeding up the 23 

discovery process and potentially decreasing the need for animal models. 24 

In a broader perspective, this unique technology could also be beneficial to studying the 25 

response to mechanical stimulation of different tissues naturally subjected to deformation 26 

under physiological or pathological conditions (e.g., bone), while combining the efficacy of 27 

scale reduction with the capability of reproducing key structural and functional cues with 28 

unprecedented precision. 29 

 30 

31 
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Methods 1 

Device design and fabrication 2 

The microscale platform was composed by two layers of polydimethylsiloxane (PDMS, Sylgard 3 

184, Dow Corning) polymerized in defined casts at 10:1 weight ratio of base to curing agent at 65 4 

ºC for at least 3 hours, and a PDMS unpatterned membrane.  Master molds were fabricated in a 5 

clean room environment using standard photolithography techniques with SU-8 2050 photoresist 6 

(MicroChem) on 4” silicon wafers substrates. The cross-sectional size of the features was 1.4 mm 7 

(width) x 143 μm (height) for the top layer, and 1.6 mm (width) x 50 μm (height) for the bottom 8 

layer. In addition, top and bottom layers included two rows of posts delimiting the culture channel. 9 

Posts in the top layer were fabricated with a T-shaped cross-section; each branch of the T-shape 10 

was 300 μm long and 100 μm thick (Fig. 1f). The end of the branch pointing outwards from the 11 

culture channel was rounded to avoid air entrapment during device operation. Within each row, 12 

posts were separated by a 30 µm gap, and the distance the two rows was 300 µm. Separate 13 

molds were fabricated for the physiological and hyper-physiological top layers of the microscale 14 

device, i.e., to induce a -10% and -30% vertical compression on the construct. This criterion led to 15 

defining gaps by 14 µm and 43 µm, respectively, underneath the posts (Fig. SI2).  16 

Posts in the bottom layer were fabricated with a circular cross-section (radius 30µm), with a 200 17 

µm gap between adjacent posts in the same row, and a 500 µm distance between the two rows.  18 

The membrane separating top and bottom layers was fabricated with a thickness of 750 µm by 19 

accurately dosing the PDMS poured on a flat substrate. This value ensured that the membrane’s 20 

bending stiffness was the sole determinant of the actuation pressure (defined as the pressure 21 

required for the membrane to abut against posts bottom ends), independently from the CoC 22 

mechanical properties (Fig. SI4). This prevented from undesired changes in the compression 23 

stroke throughout the culture period. 24 

The PDMS stamps were peeled off the molds and assembled layer-by-layer as depicted in Figure 25 

SI1. Before assembling, the top layer was finalized by punching circular access ports with biopsy 26 

punchers: cell in/out ports had a 750 µm diameter, ports for cell culture medium reservoirs had a 5 27 

mm diameter (Fig. SI1). Subsequently, the surface containing features of the top layer and the 28 

membrane were treated with air plasma (Harrick Plasma Inc) and brought in conformal contact to 29 

achieve irreversible bonding upon additional 30 minutes of incubation at 80 °C. The inlet for the 30 

actuation compartment was thus punched on the top layer/membrane unit (defining the cell culture 31 

compartment) with a 500 µm biopsy puncher, upon manual alignment with the bottom layer. 32 

Finally, through a further air plasma treatment, the bottom layer was permanently bonded on the 33 

membrane side of the cell culture compartment after careful manual alignment with the top layer, 34 

and allowed to cure overnight at 80 °C. 35 
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As shown in Fig. SI1, the final device featured two compartments having similar layouts (1.6 mm 1 

wide and 10 mm long) and separated by a 750 µm thick PDMS membrane. 2 

PEG precursors production and PEG hydrogel preparation 3 

PEG hydrogels were produced and characterized as earlier described66. Briefly, 1 ml FXIII (200 4 

U/mL, Fibrogammin, CSL Behring, Switzerland) was activated with 100 µl of thrombin (20 U/mL, 5 

Sigma-Aldrich, Switzerland) for 30 min at 37 °C and resulting activated FXIII (FXIIIa) was stored in 6 

small aliquots at −80°C. Eight-arm PEG vinylsulfone (mol wt 40kDa; NOF Europe, Germany) was 7 

functionalized with peptides that contained either a FXIII glutamine acceptor substrate (Gln-8 

peptides; NQEQVSPL-ERCG-NH2; Bachem AG, Switzerland) or matrix metalloproteinase (MMP)-9 

degradable FXIII lysine donor substrate (Lys-MMPsensitive-peptides; Ac-FKGGGPQGIWGQ-ERCG-10 

NH2; Bachem AG, Switzerland) resulting in 8-PEG-Gln or 8-PEG-MMPsensitive-Lys precursors, 11 

respectively. A stoichiometrically balanced solution 8-PEG-Gln and 8-PEG-MMPsensitive-Lys was 12 

mixed for an indicated final dry mass content of hydrogel precursors in Tris buffer (50mM Tris, 13 

pH7.6; 50mM calcium chloride) leaving spare volume of 10% v/v for the addition of cell culture 14 

medium and cells. The hydrogel cross-linking was initiated by adding 10 U/ml FXIIIa and vigorous 15 

mixing. Hydrogels were formed containing final concentrations of 2% PEG precursors and 50x106 16 

cells/ml. 17 

Finite element analysis (FEM) 18 

A biphasic poroelastic (BPE) finite element (FE) model of the PEG based hydrogel25 was 19 

implemented8,26,28,67. The BPE model describes the equivalent mechanical behavior of a continuum 20 

resulting from the multiphase interaction of an elastic solid phase and an incompressible inviscid 21 

fluid phase. This description of the hydrogel neglects the intrinsic viscoelasticity of the solid matrix 22 

and captures exclusively the viscous effects related to the interaction between the two phases. As 23 

such, when simulating confined compression it leads to underestimating the short-term reaction 24 

forces, but accurately captures the short-term deformation field28.  25 

The FE analysis aimed at checking i) whether undesired lateral or longitudinal stretching of the gel 26 

could be generated and ii) if strains in the hydrogel control volume were homogeneous and 27 

consistent with the desired compression level. 28 

Computations were performed using Abaqus Standard 6.10. (Abaqus FEA, Dassault Systemes). 29 

Software adequacy in the biomechanical description of biphasic tissues was demonstrated by Wu 30 

et al.31 and by Meng et al68. As previously described, two variants of the device were produced to 31 

obtain two compression levels, corresponding to -10% or -30% nominal strains, in the construct. 32 

FE analysis focused only on the latter condition, which was potentially more critical in terms of 33 

unwanted lateral and longitudinal expansions. Consistently, the height of the hanging posts was 34 

https://en.wikipedia.org/wiki/Dassault_Systemes
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set to 100 µm and the gel’s uncompressed height was set to 143 µm (Fig. 2a, Fig SI2). Owing to 1 

the periodic structure of the device, a repetitive unit was considered, which consisted of two posts 2 

facing each other with the PEG hydrogel volume comprised in between. Owing to the symmetry of 3 

the repetitive unit, the region of interest for the FE analysis was reduced to half a post and a 4 

quarter of the hydrogel volume and kinematic boundary conditions were imposed to account for 5 

geometrical symmetries (Fig 2a, shaded area, Fig. SI3a, Fig. SI3b). The modeled portion of the 6 

post was therefore 300 μm in width (X direction) and 150 μm in length (Y direction), with a 7 

thickness of 100 μm. The hexahedron representing the gel was 150 μm wide and 165 μm long, 8 

thus including the gel region corresponding to the gap between two adjacent posts. Post’s edges in 9 

contact with the gel were chamfered to reduce geometrical discontinuities, rounding corners with a 10 

5 µm curvature radius.  The post’s outer end, despite being rounded in the physical device (Fig 11 

1b), was squared off to reduce the total number of elements after assessing negligible differences 12 

in deformation values through preliminary simulations.  13 

Both pillar and gel were meshed using 8-node linear hexahedral elements with hybrid formulation 14 

(Abaqus C3D8PH elements). A total of 5427 elements, with an average size of 10 µm, was used 15 

for the post. The mesh was refined around the corners of the surface in contact with the gels. 16 

These, having been chamfered to reduce geometrical discontinuities, needed smaller element size 17 

(1.6 µm) to be accurately rendered as geometrical features. A total of 63954 hexahedral elements 18 

were adopted for the hydrogel. The characteristic dimension of the elements varied over the 19 

hydrogel volume: is was equal to 20 µm at the side of the gel corresponding to the culture 20 

channel’s mid-line and it progressively decreased down to 1.5 µm as regions closer to the hydrogel 21 

face in contact with the post were considered, so to cope with local geometrical complexity (Fig. 22 

SI2a, Fig. SI2b).  23 

Perfect lubrication was considered in the contact between the gel and the lateral posts; interactions 24 

between the PDMS post and the gel were modeled using a surface-to-surface contact. The top 25 

surface of the post was encastred to account for its continuity with the overhanging thick PDMS 26 

layer. The top surface of the gel was impeded to move along the Z direction simulating the 27 

presence of the top layer. A zero-pore pressure was imposed on the portions of the outer face of 28 

the hydrogel which was not in contact with the post so to allow for fluid outflow (Fig SI2c, Fig.SI2d). 29 

The mechanical properties of PDMS were described as non-linear elastic and incompressible 30 

through the Mooney-Rivlin strain energy function (equation 1):  31 

 32 
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where I1, and I2 are the first and second invariant of the right Cauchy-Green strain tensor C, J is 1 

the determinant of the deformation gradient tensor F and represents the ratio between the 2 

deformed and initial volume of the material, while C1, C2 and D are the constitutive parameters of 3 

the model. C1 and C2 were set equal to 254 KPa and 146 KPa respectively, as reported in the 4 

literature concerning PDMS with a base to curing agent ratio equal to 10:169 while D was set equal 5 

to zero as for a perfectly incompressible material.  6 

The PEG based hydrogel’s Young Modulus was assumed equal to 0.1 MPa. This value is higher 7 

as compared to data reported in the literature for similar hydrogels, but it allowed to account for the 8 

increased resistance to compression exhibited by the hydrogel due to the negatively charged 9 

glycosaminoglycans accumulating during the CoC maturation in the construct. Poisson ratio was 10 

fixed at 0.3370, and the specific weight  of the permeating fluid to 9.965x10-6 N/mm326. 11 

In order to model the poro-elastic behavior of the hydrogel, Abaqus requires the specific material 12 

permeability defined as 𝐾𝑠 =  𝛾𝑤𝑘 where 𝛾𝑤 is the permeating fluid specific weight and 𝑘 is the 13 

absolute permeability. Ks was set to 0.3 mm/s. The initial void ratio 𝑒 =  𝑑𝑉𝑤 𝑑𝑉𝑔⁄  (where 𝑑𝑉𝑤 is the 14 

volume of the fluid phase and 𝑑𝑉𝑔 is the volume of the solid phase) was estimated by the swelling 15 

ratio of the hydrogel formulation used in this study and set to 4569. Complete fluid saturation was 16 

assumed for the hydrogel. 17 

To capture the time dependent non-linear behavior of the hydrogel a transient analysis was 18 

conducted using the Soil Consolidation option in Abaqus. An automatic t incrementation was 19 

adopted, with a minimum value of 1x10-6 s. The 30% compression in the Z direction (Fig. 1a) was 20 

applied by imposing a displacement of 43 µm to the hydrogel bottom with constant velocity over a 21 

1 s timeframe.  22 

The strain distribution was evaluated through nominal strain components acting in the X, Y and Z 23 

directions, and calculated according to Abaqus’ definition at integration points of each finite 24 

element. In particular, nominal strains are defined as: 25 

 

𝜀𝑁 = �̿� −  𝐼̿ = ∑(𝜆𝑖 − 1) �̅�𝑖 �̅�𝑖
𝑇

3

𝑖=1

 (2) 

where �̿� = √𝐹𝐹𝑇 is the left stretch tensor (where 𝐹 is the deviatoric deformation gradient), λi are 26 

the principal stretches and �̅�𝑖  are the principal stretch directions in the current configuration. 27 

Nominal strains were extracted from the numerical model replicating the procedure adopted in 28 

evaluating the strain experimentally. Accounting for the non-homogeneity of the mesh a matrix 29 

containing the coordinates of 9 points randomly within the hydrogel volume was generated. 30 
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Displacement and coordinates of nodes nearest to the resulting point were used in computations. 1 

Owing to the system’s symmetry strains were calculated as:  2 

 

𝜀𝑟𝑟 =
((𝑟𝑖 − 𝑟𝑠𝑖𝑚 ) + 𝑈𝑟) − ((𝑟𝑖 − 𝑟𝑠𝑖𝑚 ))

(𝑟𝑖 − 𝑟𝑠𝑖𝑚 )
=  

𝑈𝑟

(𝑟𝑖 − 𝑟𝑠𝑖𝑚 )
 (3) 

Where the index r indicates the r-th direction considered, ri is the r coordinate of the node i, rsim is 3 

the r coordinate of the symmetry plane and U is the node i displacement in the r direction. Mean 4 

and standard deviation where computed. The process was repeated 7 times and results averaged. 5 

Confined compression validation 6 

Compression field in the lateral end longitudinal direction was assessed experimentally. PEG gel 7 

was prepared as previously indicated, with polystyrene beads (diameter 10 m) laden in the gel. A 8 

colored dye was added in the chambers to better highlight the posts profile. Images of the beads 9 

were acquired during the rest phase and upon gel compression. ImageJ software was used to 10 

post-process acquired images. Seven devices were considered. For each device, nine couples of 11 

beads were considered and for each couple the mutual distance was measured along the X and Y 12 

directions, i.e., along the width and the axial direction of the culture channel, prior and after 13 

compression. Strains in lateral and longitudinal directions were calculated as: 14 

 

𝜀𝑖𝑖 =  
𝐿𝑖

′ − 𝐿𝑖

𝐿𝑖
 (4) 

Where the index i indicates the i-th direction considered, 𝐿′ and 𝐿 are the measured distance after 15 

and prior to compression. Mean value and standard deviation over the nine couples of beads were 16 

assessed and used to verify computational predictions. 17 

Device actuation and mechanical characterization 18 

The electro-pneumatical system illustrated in Fig. SI8 was assembled to apply to the CoC model 19 

the selected mechanical stimulation pattern. It comprises two Arduino microcontroller boards 20 

(Arduino Uno R3 and Arduino Nano, ATmega328P), an air pump (TM40-A12-P23012, Topsflow), 21 

two pressure sensors (MPX5500 Series, case 867C-05, Freescale semiconductor and 26PC 22 

Series, Honeywell), a miniaturized pressure regulator (ARJ1020F Series, SMC), an integrated 23 

relay (Songle), a solenoid valve (Festo Miniature Valve MH1), a custom made stripboard, a 24 

manifold, a cylindrical Poly(methyl methacrylate) (PMMA) pressure reservoir, a resistive 25 

touchscreen (PIXNOR UNO R3 2.8 TFT Touch Screen) and a cooling fan. All components were 26 

fixed to a PMMA supporting base. In detail, the air pump was connected to the pressure reservoir 27 

so to limit its duty cycle. The activation of the pump was regulated through the Arduino Nano. The 28 
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microcontroller, receiving the value provided by the MPX5500 pressure sensor, turns on or off the 1 

pump according to the pressure level in the reservoir (1600 mmHg was set as the pump stop 2 

value, 840 mmHg as the pump start value). The pump outlet is connected to a manifold linked to 3 

the pressure reservoir, to the pressure sensor and to the pressure regulator. The Honeywell 4 

pressure sensor, after signal amplification, provides the Arduino Uno with the pressure value 5 

downstream of the pressure regulator. A parallel air-line runs from the pressure regulator to the 6 

solenoid valve. The valve aperture is regulated by the Arduino Uno. The touch screen was 7 

programmed with a user interface for the regulation of the stimulation regimen. A dedicated section 8 

provided the user with the working pressure, which can be manually adjusted. Stimulation 9 

frequencies of 0.5 Hz, 1 Hz and 2 Hz could be selected by the user. Stimulation frequency and 10 

pattern could be regulated according to each experimental design.  11 

A ramp of stopcocks was connected to the miniature valve outlet to multiply the number of 12 

addressable microfluidic devices. Up to 24 devices have been stimulated simultaneously.  13 

Healthy human cartilage samples collection, cell isolation and expansion 14 

Macroscopically normal human articular cartilage was obtained from the knee joints of a total of 5 15 

patients with unknown clinical history of joint disorders (mean donor age: 66 years; range: 54-84 16 

years, 1 female and 4 male), after informed consent by relatives and in accordance with the local 17 

ethics committee (University Hospital Basel, Switzerland). Cartilage biopsy was minced and 18 

digested enzymatically to isolate and use cells. Briefly, human articular chondrocytes (hACs) were 19 

isolated using 0.15% type II collagenase (10 ml solution/g tissue, 300 U/mg, Worthington 20 

Biochemical Corporation, Lakewood, NJ) for 22 h and resuspended in Dulbecco's modified Eagle's 21 

medium (DMEM) containing 10% fetal bovine serum, 4.5 mg/ml D-Glucose, 0.1 mM nonessential 22 

amino acids, 1 mM sodium pyruvate, 100 mM HEPES buffer, 100 U/ml penicillin, 100 μg/ml 23 

streptomycin, and 0.29 mg/ml L-glutamine (complete medium). The isolated chondrocytes were 24 

counted using trypan blue, plated in tissue culture flasks at a density of 104cells/cm2 and cultured in 25 

complete medium with the supplementation of 1 ng/ml of transforming growth factor-β1 (TGF-β1) 26 

and 5 ng/ml of fibroblast growth factor-2 (FGF-2) in a humidified 37°C/5% CO2 incubator. The 27 

growth factor combination was selected based on the previously reported ability to increase human 28 

chondrocyte proliferation and capability to redifferentiate, even upon an initial dedifferentiating 29 

culture (41). After approximately 10 days, when cells were about 80% confluent, first passage cells 30 

(P1) were rinsed with phosphate buffered saline (PBS), detached using 0.05% trypsin/0.53 mM 31 

EDTA and replated at 5×103cells/cm2. After one more week, when cells were again about 80% 32 

confluent, second passage cells (P2) were detached and exploited to generate either 2D 33 

monolayer controls or the CoC model as described below.  34 

In order to characterize the gene expression profile of native healthy cartilage, macroscopically 35 

normal human articular cartilage was obtained from the knee joints of additional 5 patients with 36 



 28 

unknown clinical history of joint disorders (mean donor age: 55.8 years; range: 51-60 years old, 1 1 

female and 4 male), after informed consent by relatives and in accordance with the local ethics 2 

committee (University Hospital Basel, Switzerland). Again, cartilage biopsy was minced and 3 

digested enzymatically as aforementioned. Freshly isolated, healthy hACs from the different 4 

donors were pooled and frozen to further perform RT-PCR analysis. 5 

OA human cartilage samples collection and analysis 6 

Macroscopically fibrillated human articular cartilage was obtained from the knee joints of a total of 7 

10 patients with clinical history of OA (mean donor age: 74 years; range: 55-82 years, 6 female 8 

and 4 male) undergoing a total knee replacement, after informed consent by relatives and in 9 

accordance with the local ethics committee (University Hospital Basel, Switzerland). Cartilage 10 

biopsy was minced and digested enzymatically as aforementioned. Freshly isolated, hACs from 11 

the different donors were pooled and frozen to further perform RT-PCR analysis. 12 

Healthy human CoC model generation 13 

The healthy human CoC model was generated by embedding hACs into an enzymatically cross-14 

linkable and degradable poly (ethylene glycol) (PEG) based hydrogel matrix into the microscale 15 

platform. Hydrogels with a final dry mass content of 2% were prepared by stoichiometrically 16 

balanced ([Lys]/[Gln] = 1) precursor solutions of 8-PEG-Gln and 8-PEG-MMPsensitive-Lys in Tris-17 

Buffer (TBS, 50 mM, pH 7.6) containing 50 mM calcium chloride, leaving open a spare volume of 18 

12.5% v/v for addition of cell culture medium with hACs. The precursor solution was thus mixed to 19 

a hACs cell suspension at a final concentration of 5×104 cells/µl and allowed to polymerize by 20 

adding 10 U/mL thrombin-activated factor XIIIa and vigorous mixing. The cell-laden PEG pre-21 

polymer solution was manually injected into the culture channel of the microscale platform (0.45 22 

µl/device) (Fig. SI5a, SI6a) and incubated for 15 minutes (5% CO2 and 37 °C) before filling the 23 

lateral channels with chondrogenic medium (DMEM (Sigma Aldrich) containing 2% fetal bovine 24 

serum, 4.5 mg/ml D-Glucose, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 mM 25 

HEPES buffer, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.29 mg/ml L-glutamine and 26 

supplemented with 0.1 mM ascorbic acid 2-phosphate, 10 μg/mL insulin, and 10 ng/mL TGF-β3). 27 

3D hACs-laden microconstructs were cultured under static regimen for two weeks in chondrogenic 28 

medium (Fig.SI5b). Medium was changed every second day and collected for further analysis. 29 

Upon two weeks, samples were collected for RT-qPCR, immunofluorescence, GAG and DNA 30 

quantification analyses as described below. 31 

Mechanical compression regimens 32 

Upon two weeks of maturation, CoC were subjected to two different levels of confined mechanical 33 

compression for the following 7 days (Fig. SI5c). Specifically, a physiological compression (PC) of 34 



 29 

10% and a hyper-physiological 30% compression (HPC) were chosen. A pattern resembling the 1 

daily walk routine was applied. In details, a frequency of 1Hz was chosen and the following 2 

temporal windows of stimulation applied: 2h stimulation, 4h rest, 2h stimulation, 16h rest per day 3 

(Fig. SI5c). Control devices were cultured under static conditions. Cytokine-based controls were 4 

also established. Specifically, upon two weeks of maturation, CoC were subjected to two different 5 

concentrations of IL1β for the following 7 days: a low dose of IL1β (10pg/ml, IL1β low), reported to 6 

be found in the synovial fluid of OA patients38, and a supraphysiological dose (1ng/ml, IL1β high), 7 

previously reported to be used in 2D models5. A 2D cytokine-based control was finally established 8 

following traditional protocols39. In details, human articular chondrocytes were plated at a density of 9 

20,000 cells/cm2 and cultured for 10 days in complete medium. High dose of IL1β (1ng/ml) was 10 

then supplemented to the medium for seven days.  11 

A specific experiment was performed to demonstrate the necessity of confinement. Specific 12 

unconfined compression controls were introduced. In detail a hyper-physiological 30% unconfined 13 

compression (UC) was applied through a device characterized by similar micro-scale dimensions 14 

but allowing construct lateral expansion upon compression23. This is possible through a different 15 

post shape and architecture, designed to channel the cell-laden hydrogel upon injection but 16 

minimizing the hindrance to lateral expansion upon compression. 17 

In all conditions, chondrogenic medium was changed every second day and collected for further 18 

analysis. Upon seven days of stimulation, samples were collected for RT-qPCR, 19 

immunofluorescence, GAG and DNA quantification analyses as described below. 20 

 21 

Validation of CoC model as drug screening tool 22 

Upon two weeks of maturation and one week of HPC, the effect of different drugs was tested 23 

(Fig.SI5d). Specifically, while maintaining the hyperphysiological compression regimen, medium 24 

(free from serum, Insulin and TGFβ3 supplementation) was supplemented for three additional days 25 

with different concentrations of compounds previously shown to have anti-inflammatory and anti-26 

degrading effects preclinical and clinical studies. In details, Dexamethasone (10μM), Interleukin-1 27 

receptor antagonist (IL1Ra, 10ng/ml and 500ng/ml), the mTORC1 inhibitor Rapamycin (10nM, 28 

1μM) and the non-steroidal anti-inflammatory drug Celecoxib (0.1μM) were tested. In addition, the 29 

depolymerized hyaluronic acid alkylamide HYADD®4 and a low molecular weight hyaluronic acid 30 

(≈ 50kDa), provided by Fidia Farmaceutici Spa (Italy), were tested in the system at a concentration 31 

of 1mg/ml. All drugs were diluted in DMSO, also used as vehicle (1:5000). A static device was 32 

used as “healthy control”. A cytokine-based control was finally established as described above. In 33 

details, upon two weeks of maturation and one week of high dose of IL1β (1ng/ml), the effect of 34 

IL1Ra (500ng/ml) and Rapamycin (1μM) was tested, while maintaining IL1β stimulation.  35 



 30 

Upon three days of drug treatment, samples were collected for RT-qPCR analysis as described 1 

below. 2 

 3 

Immunofluorescence analysis 4 

Immunofluorescence analyses were performed on CoC models directly within the microscale 5 

platform at day0, day3, day14 and day21. Samples were fixed in 4% paraformaldehyde (PFA) 6 

overnight at 4°C. Subsequently, the microscale platform was disassembled by removing the 7 

actuation compartment and carefully pealing-off the PDMS membrane from the culture 8 

compartment, eventually exposing the CoC model. Cells were permeabilized with 0.3% Tween 9 

(Sigma) PBS solution for 10 minutes. A blocking solution (3% bovine serum albumin (BSA), 0.5% 10 

Triton (Sigma) in PBS) was applied for 1 hour at room temperature to block nonspecific bindings. 11 

Samples were incubated overnight at 4°C with primary antibodies. Rabbit anti-human aggrecan 12 

(dilution 1:200, Abcam), mouse anti-human collagen type-I (dilution 1:200, Abcam) and mouse 13 

anti-human collagen type-II (dilution 1:200, Abcam) were used to evaluate the maturation of CoC 14 

at day0, day3 and day14. rabbit anti-human MMP-13 (dilution 1:200, Abcam) and mouse anti-15 

human DIPEN (dilution 1:200, MDBioscience) were used to assess the effect of mechanical 16 

compression on CoC model. DAPI staining was used to identify the cell nuclei. As appropriate, 17 

secondary antibodies labeled with Alexa Fluo 488, Alexa Fluo 546, Alexa Fluo 647 (Invitrogen) 18 

were used at 1:200 for 45 minutes at room temperature. 19 

Representative images of three different regions of each CoC model were acquired with a 20x 20 

objective with fluorescence Nikon A1R Nala Confocal microscope (Nikon, Tokyo, Japan), and 21 

analyzed by using ImageJ software. Three donors were considered, with three technical replicates 22 

per donor for each condition and time point. 23 

Biochemical analyses 24 

Samples were extracted from the microscale platform and digested in 300 mL of proteinase-K (1 25 

mg/mL proteinase-K in 50 mM Tris with 1 mM EDTA, 1 mM iodoacetamide, and 10 μg/mL 26 

pepstatin-A) overnight at 56°C. GAG amounts were measured spectrophotometrically after 27 

reaction with dimethylmethylene blue using chondroitin sulfate as a standard 71. The amount of 28 

DNA was measured spectrophotometrically using the CyQuant cell proliferation assay Kit 29 

(Molecular Probes, Eugene, OR), according to manufacturer’s instructions. GAG contents were 30 

reported as GAG/DNA. Three donors were considered, with three technical replicates per donor 31 

each time point. 32 

Quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) 33 

Total RNA extraction by Trizol, cDNA synthesis and real-time reverse transcriptase-polymerase 34 

chain reaction (RT-PCR; 7300 AB Applied Biosystem) were performed according to standard 35 



 31 

protocol to quantitate expression levels of the following genes of interest (Applied Biosystems): 1 

COL2A1 (Hs00264051_m1), COL1A1 (Hs00164004_m1), ACAN (Hs00153936_m1), PRG4 2 

(Hs00981633_m1), GDF5 (Hs00167060_m1), ATX (Hs00905117_m1), FRZB (Hs00173503_m1), 3 

GREM1 (Hs01879841_s1), MMP13 (Hs00233992_m1), IL6 (Hs00985639_m1), IL8 4 

(Hs00174103_m1), COL10A1 (Hs00166657_m1), IHH (Hs01081800_m1), DKK-1 5 

(Hs00183740_m1). The house-keeping gene Glyceraldehyde 3-phosphate dehydrogenase 6 

(GAPDH) was used as reference (Hs02758991_g1). Five donors were considered, with three 7 

technical replicates per donor each condition and time point. 8 

MMP-13 release quantification 9 

MMP-13 production was selectively assayed using enzyme specific fluorescence substrate kits 10 

SensoLyte 520 MMP13 Assay Kit (AnaSpec Fremont, CA 94555), according to manufacturer’s 11 

instructions. Briefly, cell supernatants were collected at days 16, 18, 20 and 21 during the 12 

mechanical compression phase and the time point pooled to measure the accumulation of MMP-13 

13 during the whole stimulation period. The kit uses 96-well plates coated with a monoclonal anti-14 

human MMP-13 antibody that recognizes both the latent and active forms of the enzyme. The 15 

specificity of the monoclonal antibodies prevents cross-reactivity with other MMPs. Pro-MMP-13 is 16 

activated by incubation with 4-aminophenylmercuric acetate (APMA) at 37 °C. Proteolytic activity 17 

of the enzymes is measured using a fluorescence resonance energy transfer (FRET) peptide 18 

containing a quenched fluorophore. Upon cleaving MMP-13, fluorescence of the fluorophore was 19 

recovered and was measured on configurable multi-mode microplate reader (Synergy H1, Biotek 20 

Instruments GmbH) following a five hours incubation period at room temperature, with an 21 

excitation and emission wavelength of 485±20 nm and 530±25 nm, respectively. Three donors 22 

were considered, with three technical replicates per donor for each condition. 23 

Statistical analysis 24 

Results of computational simulations and strain field validation are presented as median ± IQR.  25 

Results of quantitative RT-qPCR, biochemical analyses and proMMP-13 quantification are 26 

presented as mean ± SD. Statistical analysis was performed using GraphPad Prism 7.00 for Mac. 27 

Data Populations normal distribution was assessed through D’Agostino-Pearson Test. Two tailed 28 

Student’s T-test (normal distributions) and Mann-Whitney test (non-normal distributions) where 29 

used when comparing two populations. Multiple comparisons were realized using ordinary one way 30 

ANOVA.  When comparing normally distributed variables, Bonferroni’s or Dunnett’s multiple 31 

comparison tests with single pooled variance were used for small or large numbers of populations 32 

and statistical significance was indicated by P<0.05 (*) and P<0.01(**), respectively. When 33 

comparing non-normally distributed variables, the Kruskal-Wallis test with Dunn’s multiple 34 



 32 

comparison test was used and statistical significance was indicated by P<0.001(***) and 1 

P<0.0001(****), respectively.  2 

Data availability 3 

The authors declare that all data supporting the findings of this study are available within the paper 4 

and its Supplementary Information. The data that support the findings of this study are available 5 

from the corresponding author upon reasonable request. 6 
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