
Organs-on-chip combine biology and microfluidics into complex 3D systems that model tissue function 

in vitro. The great potential that these systems hold in replicating physiology lies in the possibility to 

incorporate different cell types in a dynamic, controlled microenvironment optimized in terms of bio-

chemical and mechanical parameters.

Despite thoughtful design, factors such as fluid flow, shear stress, intrinsic material properties, and chip 

architecture can impact the microenvironment on-chip compared to off-chip and, in turn, affect cell 

behavior. This application note highlights the importance of measuring localized mechanical properties 

directly on-chip, using an in vitro model of the osteochondral interface.
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Introduction
The functioning of any biological tissue, and the 

preservation of its integrity, depend on the dynamic 

interplay of a variety of factors. Together with differ-

ent cell types, the microenvironment in which they 

are embedded — consisting of various signaling 

molecules, metabolites and, in particular, the extra-

cellular matrix (ECM) — dictates physiological and 

pathological processes. The relationship between 

cells and their surroundings is bidirectional. While 

cells modify their milieu and the ECM, at the same 

time they respond to their composition and orga-

nization in a continuous exchange of information. 

This flow of communication is mediated by bio-

chemical as well as mechanical signals. For exam-

ple, physical properties of the ECM (e.g. its stiffness 

and viscosity, as well as its architecture) direct fun-

damental cell functions, such as differentiation, 

proliferation and migration1. Besides these passive 

properties, active biomechanical cues, such as tis-

sue stretching and compression, fluid shear stress, 

interstitial fluid flow, and hydrostatic pressure, can 

also significantly influence cell behavior2,3. In turn, 

cells chemically and physically remodel the ECM, 

altering its mechanical profile. Replicating the 

mechanical environment, and being able to mon-

itor its evolution, is therefore of great importance 

for the translatability of in vitro models2,4. However, 

traditional in vitro studies rely on static culture 

methods, wherein cells are grown on flat, rigid 2D 

surfaces or as scaffold-free 3D cellular aggregates. 

These approaches inherently lack the capacity to 

control or modulate biophysical and biochemical 

cues critical for mimicking in vivo conditions. These 

limitations appear even more impactful when con-

sidering biological processes to which the cell-ECM 

communication axis is central. 

In osteoarthritis, for example, accelerated extra-

cellular matrix remodeling and loss of integrity 

are at the core of pathogenesis5. Osteoarthritis 

is a debilitating condition affecting the joint, with 

increasing incidence in the growing aging popula-

tion5. Accurate modelling of osteoarthritis in vitro 

is complicated by the fact that it originates at the 

osteochondral unit, the interface between the car-

tilage and the bone, and the interaction between 

these different tissues has been implicated in the 

disease progression5. To investigate the biology 

of osteoarthritis progression, accounting for the 

contribution of cells and ECM of both tissues in 

a dynamic environment, the study presented in 

this application note generated an organ-on-chip 

(OoC) model of the osteochondral interface6. 

OoCs are microphysiological systems tailored to 

closely model the biology and function of tissues. 

The adoption of an OoC system offers more pre-

cise control over the cell microenvironment by 

granting the ability to define the culture chamber 

geometry, the fluid-related physical and chemical 

dynamics at microscale resolution and enabling 

the use of scaffolds with defined biochemical, 

structural and mechanical properties2,7,8.

While the field puts much effort into tuning the 

mechanical properties of the culture substrate, 

little is known about how deposition on-chip can 

influence material properties, and scientists have 

relied on the extrapolation from data obtained 

outside the assembled system. However, 

the translatability of these results is debatable. 

Hydrogels are commonly integrated into chips 

post fabrication, via injection of unpolymerized 

precursors of sufficiently low viscosity. Gelation 

is then induced on-chip via temperature-trig-

gered or photo- crosslinking8. Shear forces during 

injection, altered temperature gradients during 

solidification, or the effect of illumination through 

different materials (air, glass, or PDMS) have the 

potential to affect the hydrogel’s final proper-

ties8.  Additionally, once operational, the dynamic 

setup of the OoC exposes cells and their matrix 

to the physical and chemical effects of fluid flow 

(such as shear stress and gradients of biomole-

cules) that have the potential to alter the localized 

mechanical properties of the microenvironment 

(Figure 1 and ref. 3, 8). The possibility that the 

material properties on-chip might differ from the 

properties assessed off-chip complicates there-

fore result interpretation.

In the presented study, these limitations were 

addressed by assessing the localized mechani-

cal properties of the model tissue directly on-chip 

using the Pavone nanoindenter. The results of this 

approach revealed the effects of OoC assembly on 

substrate mechanics, demonstrating the impor-

tance of in situ material characterization. Addition-

ally, inflammatory conditions induced dynamic 

matrix remodeling, suggesting that nanoindentation 

can be a valuable assay for monitoring the mechani-

cal component of disease progression in vitro.

 Figure 1
Schematic representation of the organ-on-chip setup used in this study, highlighting some of the factors impact-
ing the mechanical microenvironment. The mechanical properties of the ECM-mimicking gels on-chip can be 
affected by (illustrated by the circles, from left to right): (i) factors intrinsic to the assembly procedure (such 
as light diffusion during photocrosslinking, shear stress during injection, temperature inhomogeneities, etc.); 
(ii) the effects of fluid flowing in the medium supply channels (physical, as in flow-induced shear stress, or bio-
chemical, as in the opposite gradients of salts, nutrient and waste molecules); (iii) the bidirectional mechanical 
signaling between cells and the growth support.
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Results 

Model design and characteriza-
tion: mechanical measurements 
on-chip reveal localized heteroge-
neity and the effect of OoC assem-
bly on material properties.

The osteochondral interface was modelled with 

an OoC constituted by two chambers mimicking 

the bone and cartilage tissues. The chambers 

were separated by a discontinuous wall allow-

ing close communication between the distinct 

compartments (Figure 2 and ref. 6). The cartilage 

tissue was modelled by embedding primary chon-

drocytes into gelatin methacrylate (GelMA) hydro-

gel. The same gel was doped with hydroxyapatite 

and populated with primary osteoblasts to repli-

cate the bone compartment.

To assess the mechanical properties of the mate-

rial alone, after integration into the system, we 

precisely mapped large areas of the cartilage 

matrix-mimicking and the bone matrix-mimicking 

materials on-chip. The use of the Pavone nanoin-

denter enabled access to the delaminated chip 

chambers, and the continuous mapping of the 

materials’ mechanical properties at high reso-

lution. Localized mechanical characterization 

across an area spanning over the two chambers 

confirmed mechanically the compartmentaliza-

tion of the hydrogels, with the bone-mimicking 

matrix displaying an overall higher Young’s mod-

ulus (18 kPa on average) than its cartilage-mim-

icking counterpart (16 kPa on average) (Figure 2). 

As expected, because of the local topography, the 

measurements performed along the separation 

wall axis resulted either in failed measurements 

(as indicated by blank datapoints in the figure) or 

in very high apparent Young’s modulus.  

The assembly of engineered tissues on-chip is 

a multistep process that has the potential to 

influence the final mechanical properties of the 

model. To control whether this effect was appar-

ent in the osteochondral unit, we compared 

the mechanical properties of the cartilage- and 

bone-mimicking matrices when polymerized 

 Figure 2
On-chip mapping of the mechanical properties of the cartilage matrix-mimicking and the bone matrix-mimicking mate-
rials shows localized variations across large hydrogel areas. Left: schematic representation of the osteochondral unit 
chip. Right: stitched image of a portion of the osteochondral unit and overlayed heatmap of measured Young’s modulus 
across the two chambers. Blank data points correspond to the position of the PDMS pillars separating the chambers.

on-chip and off-chip (in well plates). Our findings 

show that the Young’s moduli of both materials 

differ between on-chip and off-chip conditions 

(where both materials have Young’s modulus 

values in the order of 6 kPa), suggesting that the 

experimental setup influences the materials’ 

mechanical properties (Figure 3). Multiple causes 

for the observed differences can be hypothe-

sized, including, but not limited to, the effect of 

different gel states (e.g. due to local temperature 

differences before photocrosslinking), settling of 

particles before solidification, or differences in 

light intensity reaching the gel due to the differ-

ent setups. Regardless of which factor specifi-

cally causes the measured difference, this finding 

indicates that the resulting mechanical milieu 

that cells experience on chip cannot be directly 

inferred from off-chip measurements alone. An 

accurate control of the mechanical microenviron-

ment on-chip requires, therefore, in situ measure-

ment upon integration into OoC devices.

Mechanical phenotyping of the 
osteochondral interface-on-chip: 
inflammatory stimuli induce 
severe ECM modification
 

The possibility of accessing mechanical proper-

ties on-chip opens the way for monitoring their 

evolution in advanced models of physiopatho-

logical conditions. The evaluation of the cell cul-

ture environment in 3D models usually employs 

imaging techniques for the detection and visual-

ization of the spatial organization of crucial com-

ponents of the culturing matrix. These methods 

rely on the pre-selection of proteins of interest 

and on probe availability and, however highly 

informative, provide only an indirect measure 

of the changes in mechanical properties. In the 

context of osteoarthritis, it has been long iden-

tified how persistent inflammation activates 

ECM degradation and remodeling pathways 

intrinsic of the disease progression5. To investi-

gate the ability of the osteochondral unit in this 

study to replicate such changes, we assessed 

the mechanical properties of the two cell-laden 

compartments in the OoC under control (non-in-

flammatory) and inflammatory conditions. Our 

findings indicate that inflammatory stimuli can 

significantly affect the local mechanical prop-

erties of materials (Figure 4). The engineered 

tissues treated with the pro-inflammatory cock-

tail presented an overall lower Young’s modulus, 

indicating gel degradation (Figure 4). In particu-

lar, the cartilage-mimicking chamber was dra-

matically affected by inflammatory conditions 

leading to complete loss of gel integrity in a large 

portion of the chamber, as indicated by blank 

datapoints in the heatmap. For Research U
se O

nly.

 Figure 3
Young’s moduli of hydrogels on- and off-chip, as mea-
sured by indentation.



Conclusion
Advancements in OoC technology are opening the 

way to the study of cellular and tissue function in 

dynamic controlled conditions in vitro. The result-

ing findings are of particular interest to shed light on 

physiopathological processes that cannot be stud-

ied by focusing on just one component (might that 

be cellular or extracellular) in isolation. An example 

is represented by cell-mediated remodeling of the 

mechanical integrity of the ECM, crucial in the pro-

gression of osteoarthritis.

To deliver on the promise that OoC represent, it is 

however important to adapt current assays to be 

compatible with the restrictions that the on-chip 

setup imposes. With this need in mind, the work pre-

sented in this application note applies the Pavone 

nanoindenter’s capability to mechanically charac-

terize engineered tissues in situ. Our findings reveal 

that materials’ mechanical properties can differ sig-

nificantly between off-chip, the most common test-

ing setup, and on-chip, the actual environment that 

cells are exposed to. These differences, arising from 

the chip assembly procedure, can impact cellular 

behavior and experimental outcomes and should 

not therefore be overlooked in model design. Addi-

tionally, mapping the OoC chambers at high-reso-

lution uncovered the effect of pro-inflammatory sig-

nals on the ECM mechanical properties at the local 

level offering a direct readout of matrix remodeling.  

By understanding and controlling mechanical prop-

erties on-chip, researchers can more accurately 

replicate physiological conditions and follow their 

response to pathological stimuli, improving the pre-

dictive capability of OoCs in studying human biology 

and disease in preclinical settings.

Methods
A brief description of the methods employed in this 

study is provided in this section to facilitate the data 

interpretation. For a more detailed description of 

the protocols and materials employed please refer 

to ref. 6. 

OoC preparation
The osteochondral unit on-chip consisted of two 

individual chambers representing, respectively, 

the cartilage and the bone compartments of a 

joint. The two chambers were contained on a 

PDMS microfluidic platform on glass and divided 

by PDMS pillars. Both chambers were separated 

from a medium supply channel by PDMS pillars 

(Figure 2). 

Two different formulations of engineered Gel-

MA-based cell culture matrix were assembled in 

the OoC chambers. In short, 8% (w/v) of GelMA 

and 0.2% (w/v) of LAP (photoinitiator) were dis-

solved in PBS and, for the bone compartment, 

doped with 0.5% hydroxyapatite nanoparticles 

to mimic the mineralization of bone matrix. The 

hydrogel mix was then injected in the chip and 

polymerized by UV-induced crosslinking.

Cell culture and treatment
Human primary chondrocytes and human primary 

osteoblasts from surgical waste, sourced and cul-

tured as described in ref. 6, were employed in the 

cartilage and bone compartments, respectively. 

For each chamber, 20000 cells were embedded 

in 5 µl of the unpolymerized matrix prior to the 

injection in the chip. During culture, osteoblasts or 

chondrocytes differentiation medium was flowed 

in the supply channel adjacent to the appropriate 

chamber. 

Once assembled, the chips were maintained at 37°C 

in presence of 5% CO2 in a humidified incubator.

To simulate inflammatory conditions, a cytokine 

cocktail containing IL-1β and TNF-α was added to 

the culture medium for a week.

Indentation assay
To access the hydrogel within the chip, the PDMS 

was manually separated from the glass, expos-

ing the encapsulated hydrogel, which adhered 

either to the glass slide or to the PDMS cham-

ber. For off-chip measurements, the hydrogels 

were crosslinked in a 48-well plate. Mechanical 

characterization was conducted with the Pavone 

nanoindenter (Optics11 Life). All measurements 

were performed on samples submerged in phos-

phate-buffered saline at 37°C.

Indentation tests were conducted using a probe 

with a 25 μm tip radius and 0.5 N/m stiffness. 

The local Young’s modulus of materials on-chip 

and off-chip was determined by fitting the indenta-

tion curves using a Hertzian model in the Optics11 

Life’s DataViewer software.

 Figure 4
Pro-inflammatory conditions induce generalized softening of the cell-laden matrix, leading to loss of integrity on the 
cartilage compartment, as indicated by the blank datapoints.
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