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ARTICLE INFO ABSTRACT

Keywords: Osteoarthritis (OA) is an inflammatory musculoskeletal disorder that results in cartilage breakdown and alter-
Engmeered‘ ?artllage ations in the surrounding tissue microenvironment. Imbalances caused by inflammation and catabolic processes
Osteoarthritis potentiate pathological nerves and blood vessels outgrowth toward damaged areas leading to pain in the pa-
Sensory innervation . h ) hani leading th s h 1 agi ) -

Inflammation tients. Yet, the precise mechanisms leading the nerve sprouting into the aneural cartilaginous tissue remain

elusive. In this work, we aim to recapitulate in vitro the hallmarks of OA pathophysiology, including the sensory
innervation profile, and provide a sensitive and reliable analytical tool to monitor the in vitro disease progression
at microscale. Leveraging the use of patient-derived cells and bioengineering cutting-edge technologies, we
engineered cartilage-like microtissues composed of primary human chondrocytes encapsulated in gelatin
methacrylate hydrogel. Engineered constructs patterned inside microfluidic devices show the expression of
cartilage markers, namely collagen type II, aggrecan, SOX-9 and glycosaminoglycans. Upon pro-inflammatory
triggering, using primary human pro-inflammatory macrophage secretome, hallmarks of OA are recapitulated
namely catabolic processes of human chondrocytes and the sensory innervation profile, supported by gene
expression and functional assays. To monitor the OA micropathological system, a highly sensitive technology -
EliChip™ - is presented to quantitively assess the molecular signature of cytokines and growth factors (inter-
leukin 6 and nerve growth factor) produced from a single microfluidic chip. Herein, we report a miniaturized
pathophysiological model and analytical tool to foster the neuro-immune interactions playing a role in cartilage-
related disorders.

Organ-on-chip

1. Introduction

Osteoarthritis (OA) is one of the most frequent musculoskeletal dis-
eases, affecting approximately 600 million people worldwide, equal to 7
% of the global population and is foreseen to affect 1 billion people by
2050 [1]. OA is a complex inflammatory whole-joint disease, intrinsi-
cally characterized by cartilage damage and abnormalities of sur-
rounding tissues of articular cartilage, such as subchondral bone,
periosteum and synovium due to inflammation [2]. As a result of
extracellular matrix (ECM) degradation and vascular invasion [3], sen-
sory nerve fibers present in subchondral bone can sprout into the

articular cartilage in human tibiofemoral OA and in tibial osteophytes
[4]. While the sensory innervation of articular cartilage is acknowledged
as a potential source of pain in patients with OA, the mechanisms un-
derlying the sensory nerves growth and sprouting are unclear. To answer
those disease-related biological questions and propose novel targeted
therapeutics, animal models have been established to mimic OA [5].
Invasive, genetically modified and naturally occurring models of OA
were developed, still, they do not allow investigation of all OA hallmarks
due to anatomical and biological differences when compared to human
pathology [5]. Therefore, to address these challenges, more robust in
vitro models are under development to clarify the intricate mechanisms
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underlying OA pathophysiology and, ultimately, to provide sustainable,
long-term joint repair solutions for patients.

In this regard, organ-on-chip (OoC) platforms have been used to
study different tissues/organs to recapitulate in vivo environment. This is
followed by the development of multi-OoC models used to investigate
the crosstalk between different tissues/organs through compartmental-
ization features where multiple cells can be cultured in single platform
[6]. OoC platforms offer the possibility of using low amount of sample,
cells, culture medium in a highly controllable microenvironment to
create physiologically/pathologically reliable 3D microenvironments
[7,8]. Up to this date, different joint tissue models have been reported
using OoC technologies, namely synovium-on-chip, menisci-on-chip,
OA-on-chip or combining more than one of those systems in one plat-
form [9-18]. OA-on-chip was modeled through mechanical loading
and/or biochemical stimuli on chondrocytes to mimic biomechanical
environment of OA [12]. Although the relevance of the peripheral
nervous system is acknowledged on OA progression [19], these models
are lacking the importance of neuronal players, which are crucial to
reveal the mechanism behind the neuroimmune profile and the
OA-associated pain [20,21].

Along with miniaturized systems, analytical techniques must be
adapted to sample size. Monitoring the information about the micro-
environment and cellular behaviors from a single microfluidic device is
still an enduring challenge in the field [22]. These limitations have led to
a growing interest on biosensor integration into OoC and development
of lab-on-a-chip (LoC) systems that can serve as sensitive and accurate
read out of these in vitro systems [23,24]. This promising synergistic
strategy offers higher sensitivity at low concentration of biological
molecules, such as proteins and cytokines, that play a critical role on
addressing the significant molecular players and mechanisms behind the
pathophysiological conditions [25,26]. Up to this date, several groups
have already established sensor-integrated OoC models for
heart-on-chip devices to obtain contractile stress readouts [27] or
muscle-on-chip to monitor IL-6 and tumor necrosis factor (TNF)-a
(TNF-a) produced by murine skeletal myoblasts [28]. Similar approach
can be applied also into joint-on-chip models to measure proin-
flammatory cytokines and other proteins from OA samples that can shed
light on OA pathology. Despite all progresses achieved on OoC and
biosensor technologies in recent years, there is still room for develop-
ment of more practical platforms to assist cellular microenvironment
monitoring and discovery of new targetable disease-specific biomarkers
[25].

Herein, we aimed to develop an OA-like in vitro model to recapitulate
the 3D architecture of native cartilage and address the innervation
profile of cartilage under inflammatory conditions. We developed a 3D
healthy cartilage construct encapsulating primary human chondrocytes
in gelatin methacrylate (GelMA) hydrogel inside the microfluidic device
and characterized the constructs’ viability, morphology, phenotype,
expression of ECM proteins and glycosaminoglycans (GAGs) content. To
create the OA-like model, the healthy construct was exposed to proin-
flammatory macrophages’ secretome. Afterwards, we showed that the
OA-like model microenvironment promotes innervation through
paracrine-secreted factors but not by direct coculture settings, supported
by the balance between chemoattractant and chemorepellent axonal
guidance cues expressed by the chondrocytes. To perform a quantitative
and accurate analysis of the factors released to the OA-like model
microenvironment, we developed a miniaturized LoC system, called
EliChip™. EliChip™ is a microfluidic-based platform to provide minia-
turized enzyme-linked immunosorbent assay (ELISA) that allowed the
analysis of proinflammatory cytokines and growth factors from a single
0OoC. The combination of this technology with the OA-like model can
open new opportunities for modelling in vitro cartilage-related disorders,
boosting the development of more effective treatments and therapies.
Our innovative approach has the potential to push forward the field of
musculoskeletal research, ultimately leading to improved patient care
and enhanced quality of life for those suffering from joint associated
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diseases.
2. Results and discussion

2.1. Mechanical characterization and biocompatibility of GelMA
hydrogel

Different research groups have attempted to use wide range of
hydrogel types to support chondrogenesis in 3D, namely: polyethylene
glycol (PEG), collagen, fibrin, alginate, gelatin and their composites
[29-34]. To date, GelMA has been widely used for cartilage tissue en-
gineering applications owing to its easily adjustable rheological prop-
erties and being photocrosslinkable that allows to create 3D in vitro
tissue models [34-39]. In this work, GelMA was used to support the
patterning, 3D structures, and phenotype of cartilage-like engineered
microtissues. To assess the best performing formulation, 5 % and 10 %
(w/v) GelMA were tested regarding its mechanical properties and
biocompatibility.

2.1.1. Porosity and swelling ratio of GelMA

To understand whether GelMA hydrogel would allow the diffusion of
culture medium, that includes growth factors for chondrogenic differ-
entiation, we analyzed the porosity and swelling ratio of 5 % and 10 %
hydrogel concentration. The porosity and swelling ratio were calculated
based on the solvent replacement method [40]. Our data showed that 5
% GelMA has higher porosity than 10 % GelMA at all time points (day 7,
14, 21 and 28) with significant differences at day 7 and day 14 (Fig. 1A).
The results showed to be in accordance to Miri et al. reporting that 5 %
GelMA has larger pore size when compared to 10 and 15 % GelMA
hydrogels [41]. The higher crosslink density creates smaller but more
complex meshes resulting lower porosity [42]. A similar trend was also
observed in the swelling ratio assay. The swelling ratio of the 5 % GelMA
was also significantly higher at day 7 and day 14 in comparison with the
10 % GelMA, with a similar trend on days 21 and 28 with no significant
differences (Fig. 1B). These data demonstrated that increasing the con-
centration of polymer content results in the water absorption decrease
due to lesser voids within the hydrogel structure.

2.1.2. Rheological properties of GelMA

The structural network of the hydrogels affects mechanical proper-
ties [43]. To evaluate the mechanical properties of the hydrogel,
compression test was conducted using stress and relaxation mode. From
the results of strain-stress curve, it was observed that the fracture stress
of 5 % GelMA reached 60 Pa at 20 % strain where the linearity was
observed, while 10 % GelMA reached 160 Pa at 20 % strain (Fig. 1C).
This is due to higher crosslinking of 10 % GelMA, creating a solid
networking, and resulting in a more steady structure and diminishing
the effects of fluid content within the hydrogel [44]. Accordingly, the
Young’s modulus of the 5 % GelMA hydrogel was approximately 3 Pa
whereas the Young’s modulus of 10 % GelMA was 8 Pa (Fig. 1D). As it
was previously described, higher Young’s modulus is positively corre-
lated with higher crosslinking density, level of polymerization and
increased meshing structure [44]. Additionally, higher Young’s modulus
is a result of lower porosity with limited elastic buckling of the pore
walls when the forces are applied to the GelMA hydrogel [45,46]. While
divergent from the Young’s modulus of native cartilage tissue (5.7-6.2
MPa), hydrogels with different stiffness (ranging from Pa to kPa) have
demonstrated efficacy in supporting chondrogenic differentiation and
facilitating the formation of new tissue [47-49]. GelMA has been widely
used for cartilage tissue engineering applications owing to its easily
adjustable rheological properties and photocrosslinkable features to
create 3D in vitro tissue models [34-39] Taking all this into consider-
ation, we move forward on chondrocyte and neuronal cell culture
evaluation assessing cellular viability and morphology.
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Fig. 1. In vitro mechanical characterization and biocompatibility of GelMA. A. Porosity measurements of 5 and 10 % GelMA hydrogels at day 7, 14, 21 and 28. B.
Swelling ratio measurements of 5 and 10 % GelMA hydrogels at day 7, 14, 21 and 28. C. Compression test of 5 and 10 % GelMA showing their respective shear/stress
curves. D. Young’s modulus of 5 and 10 % GelMA calculated using their respective shear/stress curves. E. Cell viability of primary human chondrocytes encapsulated
in 5 and 10 % GelMA and cultured for 7 days by live/dead staining (live cells: green; dead cells: red; scale bar = 200 pm). F. Metabolic activity of chondrocytes
encapsulated in 5 and 10 % GelMA after 7 days of culture, evaluated through resazurin assay, relative to the 100 % control (3D chondrocyte pellet culture, dashed
line). G. Representative images of axonal growth of DRG cultured on the 5 and 10 % GelMA for 5 days, n = 9 (beta-III tubulin: green; DAPI: blue; scale bar = 200 pm).
H. Quantification of axonal growth area of DRG on the 5 and 10 % GelMA for 5 days. All comparisons were performed using Shapiro-Wilk test followed by Sidak’s
Multiple comparison test for A and B; Mann-Whitney test for D and H; unpaired parametric t-test for F. The statistical significance level was set to p < 0.05. For each

assay n = 3, unless otherwise stated.

2.1.3. Biocompatibility of the GelMA

Prior to assemble the model comprising the cartilage and the nervous
system, hydrogel biocompatibility was evaluated for both cell types,
chondrocytes and sensory neurons. This was achieved through the
assessment of chondrocytes viability, metabolic activity and
morphology, as well as by quantifying the axonal growth of sensory
neurons. Previous studies showed that cell viability might depend on the
photoinitiator type, UV wavelength and intensity, independently from
GelMA concentration [50,51], while photoinitiatior concentration (up
to 0.5 % w/v) in 3D cultures does not cause significant loss of cell
viability [52]. In line with those observations, we selected 0.2 % LAP to
crosslink GelMA and a low intensity (10 mW/cm? at 365 nm) light
source was chosen for the LAP mediated photocrosslinking to obtain
high cell viability, in accordance to Fairbanks et al. [53].

The viability of human chondrocytes, after encapsulation in 5 and 10
% GelMA, was firstly investigated outside of the microfluidic device,
using ibidi p-Slide. After 7 days of culture the viability was assessed
through Calcein-AM and propidium iodide (PI) staining. Qualitative
assessment showed that cell viability on both concentrations of GelMA
was maintained, with no differences among both groups throughout the
culture time (Fig. 1E). We further checked the metabolic activity of the
human chondrocytes encapsulated in 5 and 10 % GelMA hydrogels
through resazurin assay at the same time point. The metabolic activity of
human chondrocytes encapsulated in 5 and 10 % GelMA was calculated
through resazurin assay, measuring the absorbance of resorufin,
normalized to the cell number. We observed that both 5 and 10 % GelMA
hydrogels did not impair the metabolic activity and no difference
observed relative to the 100 % control (3D chondrocyte pellet culture,
dashed line) (Fig. 1F). Regarding the impact on neuronal cultures, it is
reported that GelMA hydrogels support simultaneous neuronal attach-
ment and axonal growth of dorsal root ganglia (DRG) cells and Schwan
cells [54]. To evaluate the impact of GelMA on mouse sensory neurons
cultures, DRG were seeded on top of 5 and 10 % GelMA using ibidi
p-Slide, and axonal growth was afterwards assessed through

immunostaining of beta-III tubulin (neuronal marker). The quantifica-
tion of the total area occupied by neurites was performed as previously
described [55]. We observed that the DRG cultured on 5 % GelMA had
denser sprouting compared to 10 % GelMA (Fig. 1G). It is reported that
hydrogel microarchitecture, namely porosity, can affect neuronal
growth, differentiation, extension and branching [56], as cellular
interconnectivity, nutrient and oxygen exchange are promoted [57]. In
agreement with these reports, we observed an axonal outgrowth
significantly higher for DRG cultured on 5 % GelMA when compared to
10 % GelMA (Fig. 1H).

After assessing the biocompatibility of the hydrogel for chondrocyte
and DRG sensory neuronal cells, we selected 5 % GelMA as the most
suitable hydrogel to provide the necessary microenvironment for both
cell types. Therefore, we performed all the experiments within the
microfluidic devices using 5 % GelMA hydrogel.

2.2. Microfluidic device characterization and patterning of chondrocytes
in the device

2.2.1. Microfluidic design

In our group, models were developed to study peripheral bone
innervation, coculturing sensory neurons and osteoblasts or osteoclasts
[55,58-60]. Herein we used a microfluidic device to engineer cartilage
microtissues and evaluate the impact of its secretome on sensory
innervation profile. The device includes two compartments to replicate
the in vivo architecture where the nerve terminals reach the peripheral
tissues while the cell body is confined to the DRG near the spinal cord,
allowing to model the in vivo physical barriers in vitro. Two distinct units
are present: the nerve unit (somal side) and chondrocyte unit (axonal
side) which are connected through microgrooves (450 pm length) that
enable neurite growth (Fig. 2A). This device allows i. to culture sensory
neurons derived from mouse DRG in the dedicated space on the somal
side (3 mm punch) that facilitates the neuronal cells seeding, adhesion
and decrease the shear stress during medium exchange; ii. to perform 3D
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Fig. 2. Human articular chondrocytes micropatterning. A. Schematic representation of the microfluidic device comprising two compartments. On the left side, the
nerve unit (blue) includes dissociated embryonic DRG neurons; on the right side, the chondrocyte unit (green) includes primary human chondrocytes encapsulated in
5 % GelMA. The two compartments are separated by microgrooves that allow the crossing of axons from nerve towards chondrocyte unit. B. Diffusion assay of FITC-
Dextran through 5 % GelMA when fully loaded in the channel or patterned (scale bar = 200 pm). C. Cell viability of primary human chondrocytes encapsulated in 5
% GelMA and cultured inside the microfluidic device for 14 and 28 days (live cells: green; dead: red; scale bar = 100 pm). D. 3D pattern formation inside the
microfluidic device showing morphology of the patterned chondrocytes (actin: green; nuclei: blue) and orthogonal projections (yz, xz) of the patterned chondrocytes
using IMARIS software (scale bar = 200 pm,; thickness of the pattern = 70 pm). E. Tilescan from 3D projection of the chondrocytes cultured for 28 days (actin: green,

nuclei: blue; scale bar = 500 pm).

culture of primary human chondrocytes in chondrocyte unit (1 mm in
width and 100 pm in height). The platform was assembled in a
step-by-step manner, with each compartment being optimized prior to
the complete model assembly.

2.2.2. Evaluation of medium diffusion through microfluidic channels
containing patterned vs fully loaded hydrogel

To infer about the culture medium supply along the channel of the
chondrocyte unit, diffusion of FITC-dextran (3-5 kDa) within the
hydrogel was assessed. For this assay, two conditions were tested: i. the
channel fully loaded with 5 % GelMA; ii. the channel including
patterned hydrogel using the photomask (Fig. 2B). FITC-dextran solu-
tion (0.5 mg/ml in PBS) was added into the medium reservoirs, and the
diffusion of the fluorescent dye was qualitatively evaluated by confocal
microscopy based on the fluorescence intensity inside the compartment.
It was observed that FITC-dextran diffuses immediately through pat-
terns, whereas approximately 90 min were needed to diffuse through the
fully loaded channel from beginning to the end of channel. This result
indicates that presence of patterns inside the chondrocyte unit acceler-
ates movement of fluid, which will improve the culture medium diffu-
sion and nutrients supply to the cells in 3D.

2.2.3. Patterning of chondrocytes inside the microfluidic device

Human chondrocytes isolated from patients were encapsulated in 5
% GelMA and loaded inside the chondrocyte unit of the microfluidic
device. Taking advantage of photocrosslinkable properties of GelMA,
round and square shaped 3D cellular patterns were imprinted in the
microfluidic channel. The viability of chondrocytes cultured inside the
microfluidic platform for 14 and 28 days was assessed through Calcein-
AM and PI staining. The culture time was defined to achieve full
maturation of chondrocytes in vitro [61]. The results showed that cell
viability was maintained at both time points, throughout fully chon-
drocytes maturation, independently of the geometric shape of the pat-
terns (Fig. 2C).

We further evaluated the chondrocytes morphology and micro-
pattern stability inside the microfluidic device, throughout the culture
time. Morphological analysis showed that patterned human chon-
drocytes had heterogenous morphology, showing both round and
elongated morphology at day 1 (Fig. 2D). Herein, 5 % GelMA with lower
stiffness was used to support the generation of 3D engineered human
cartilage microtissues in the microfluidic device. Li et al. showed that
soft hydrogels (3 kPa) promote intercellular connectivity of bovine
chondrocytes with heterogenous morphology [50]. Additionally, the 3D
shaped imprinted chondrocytes in the channel were shown to be stable
throughout the maturation period until day 28 (Fig. 2E).
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2.3. Development of patient-derived tissue engineered constructs: healthy
and OA-like model

2.3.1. Establishment of healthy human cartilage construct

To develop healthy cartilage constructs inside the microfluidic de-
vice, patient-derived primary human chondrocytes were encapsulated in
GelMA and patterned using the previously defined parameters. To
achieve the cell density required, chondrocytes were expanded after
isolation. The cell culture conditions, in the presence of transforming
growth factor beta 1 (TGF-p1), basic fibroblast growth factor (bFGF),
and multiple passaging induce a process called dedifferentiation
[62-64].

Dedifferentiated chondrocytes suffer morphological and phenotypic

A
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changes, becoming fibroblast-like cells with loss of Collagen type II (Col-
II) and Aggrecan (ACAN) [64-67]. At 48h post-patterning no ACAN and
Col-II were observed to be expressed by the 3D engineered constructs
(Figure SI1). To secure the redifferentiation and chondrocytes matura-
tion, patient-derived chondrocyte culture was maintained in chondro-
genic medium, supplemented with TGF-$3. Chondrogenic and
ECM-associated markers were analyzed at days 14 and 28 as in-
dicators of early (SRY-Box Transcription Factor 9 (SOX-9)) and matured
(ACAN, Col-II) stage of chondrogenic redifferentiation (Fig. 3A).

The expression of the ECM proteins namely ACAN (Fig. 3B), Col-II
(Fig. 3D), and the transcription factor SOX-9 (Fig. 3F) was detected
throughout the redifferentiation process (day 14); as well as throughout
the maturation period (day 28) (Fig. 3C: ACAN; Fig. 3E: Col-II; Fig. 3G:

Healthy Cartilage Construct
Day 14

Day 0

Photomask

4

Day 14

E

Alcian Blue

J Day 28

ey

Fig. 3. Establishment of healthy 3D cartilage constructs in microfluidic devices. A. Schematic timeline of development of the healthy cartilage construct. Healthy
construct is formed encapsulating chondrocytes in GelMA and crosslinked using a photomask. The healthy construct culture was maintained for 28 days, with an
intermediate check point at day 14. B-G. Immunofluorescence analysis of chondrocytes encapsulated in 5 % GelMA for 14 days and 28 days, with their respective
zoom-in images, showing ACAN, Col-II and SOX-9 (red), actin (green), nuclei (blue). B. Aggrecan (ACAN) at day 14, C. ACAN at day 28 D. Collagen-II (Col-II) at day
14, E. Col-II at day 28 F. SOX-9 at day 14 G. SOX-9 at day 28 (scale bar = 100 pm; 20 pm for each zoom-in images). H. Alcian Blue staining for GAGs (blue) produced
by chondrocytes encapsulated in 5 % GelMA for 14 days and zoom-in image to a better visualization of the Alcian blue intensity (scale bar = 500 pm; 200 pm). I.
Alcian Blue staining for GAGs (blue) produced by chondrocytes encapsulated in 5 % GelMA after 28 days and zoom-in image to a better visualization of the Alcian
blue intensity (scale bar = 500pm; 200 pm). Control staining of GelMA without cells. J. Tilescan from 3D projection of the chondrocyte unit with Coll-II expression by
patterned chondrocytes cultured for 28 days (scale bar = 500 pm); showing Col-II (red), actin (green), nuclei (blue).
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SOX-9), respectively. The deposition of these cartilage specific ECM
proteins can be seen with higher magnification of the specified areas.
Lam et al. previously reported that chondrocytes encapsulated in GelMA
initiated expression of ACAN and Col-II after 14 days of culture, indi-
cating the initial cartilaginous matrices production [68]. Secretion of
those proteins in cartilage ECM is important due to their role on regu-
lation of cartilage regeneration [50]. While the expression of Col-II and
ACAN at day 14 was kept towards day 28, we observed less SOX-9
expression at day 28 comparing to day 14. SOX-9 is reported as the
first essential transcription factor that binds to specific sequences in
COL2A1 gene to regulate chondrogenesis and production of ECM pro-
teins [69]. SOX-9 expression levels are expected to stabilize during the
chondrogenesis [70,71]. We further assessed the accumulation of GAGs,
one of the main biomolecules synthesized by chondrocytes, through
Alcian Blue staining at day 14 and 28. We observed an increase in the
intensity of Alcian blue staining from day 14 (Fig. 3H) towards day 28
time point (Fig. 3I), an indicative of enhanced chondrogenesis. Addi-
tionally, Alcian blue staining of the empty hydrogel without cells
showed that the hydrogel does not interfere with the staining (Fig. 3I).
Occhetta et al. also reported an upward trend of GAGs expression rela-
tive to longer culture time (up to 14 days) of chondrocytes in micro-
fluidic [12]. Although there are established cartilage microtissue models
in microfluidic devices, maintaining the culture for the long term (28
days for full maturation of chondrocytes) remains challenging [12,14].
In this work, given the improved medium diffusion, high cellular
viability, secretion of ECM structural proteins, we successfully develop a
healthy cartilage microtissue model inside the microfluidic device stable
for 28 days (Fig. 3J).

2.3.2. Macrophage secretome to induce cartilage proinflammatory
conditions

There are several strategies to create proinflammatory environment
on tissue engineered constructs in vitro, the most common being to
expose the cells to proinflammatory cytokines. More specifically, it is
highly common and well-documented the exposure of chondrocytes to
TNF-a, interleukin (IL)-1f (IL-1p), and IL-6 to recapitulate the patho-
physiological OA microenvironment [12,20,72]. With this approach,
even though expression of the catabolic enzyme matrix metal-
loproteinases (MMP) 13 is increased, the use of proinflammatory cyto-
kines alone (TNF-a, IL-1p, and IL-6) does not promote hypertrophy in
human chondrocytes in vitro, as reported by Ferrao Blanco et al. [73]. To
induce hypertrophy of human chondrocytes, they exposed chondrocytes
to macrophages secretome taking advantage of factors secreted by
macrophages [73]. In accordance, we decided to expose chondrocytes to
proinflammatory macrophage secretome which provides a richer in-
flammatory environment to better mimic OA conditions. To do that,
secretome was collected from human monocytes isolated from periph-
eral blood mononuclear cells (PBMCs), polarized into proinflammatory
M1 macrophages under lipopolysaccharide (LPS) and gamma interferon
(IFN-y) stimuli. The M1 macrophage secretome was collected after 3
days of polarization as represented in Fig. 4A. Morphological evaluation
of MO macrophages proves that the cells remain round before the po-
larization (Fig. 4B), whereas heterogenous morphology was observed
after the polarization (Fig. 4C), as defined in the literature [74]. Char-
acterization and assortment of these heterogenous macrophage lineages
was assessed through cell-surface markers and production of inflam-
matory mediators. The flow cytometry gating strategy was defined by
selecting the CD14 " cell population, as a general macrophage marker to
define the cell of interest, followed by selecting M1 proinflammatory
macrophage population through the expression of CD86" and HLA-DR+
(Fig. 4D). The flow cytometry results proved that polarization of
monocytes into proinflammatory macrophages was successfully per-
formed (Fig. 4D). The number of CD86™ cells have coherently increased
for each sample. Likewise, HLA-DR + cell population was significantly
higher after the polarization in comparison to the cell population before
stimulus. We further quantified the production of inflammatory

Materials Today Bio 31 (2025) 101491

mediators by ELISA before and after polarization and we observed
higher expression of IL-6, TNF-a and higher IL-1p cytokines after po-
larization (Fig. 4E). As such, monocytes were successfully polarized into
proinflammatory M1 macrophages and the macrophage secretome was
characterized for further use in OA-like model.

2.3.3. Establishment of patient-derived OA-like model

The OA-like model was created by exposing the healthy 3D engi-
neered cartilage construct to macrophage proinflammatory secretome
mixed with chondrogenic medium (1:1). Chondrocytes were encapsu-
lated and chondrogenic maturation was conducted towards day 28.
When i. the healthy model reached day 12 or ii. the healthy model
reached day 26, chondrocytes were exposed to proinflammatory envi-
ronment and maintained under inflammation for 48 h (Fig. 5A). We first
assessed the viability of chondrocytes through Calcein-AM and PI
staining at day 14 and day 28. The results revealed that 48h exposure to
proinflammatory M1 macrophage secretome did not impair cell viability
at day 28 (Fig. 5B). In response to proinflammatory cytokines such as
TNF-a and IL-1f, chondrocytes produce MMP13, a crucial enzyme
involved in degradation of cartilage ECM components and GAGs, regu-
lated by several signaling pathways, namely nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and mitogen-activated
protein kinase (MAPK) [70,75,76]. Accordingly, we checked the
breakdown/presence of GAGs in OA-like model and we observed that
alcian blue staining was still present in the inflamed construct at day
day28 (Fig. 5C), suggests that longer inflammatory stimulation might be
required for GAG breakdown.

A panel of chondrogenic and inflammatory markers was evaluated to
characterize key gene expression and phenotype changes between
healthy 3D-engineered constructs and an OA-like model. Exposure of
3D-engineered chondrocytes to the M1 macrophage secretome resulted
in a marked upregulation of inflammatory markers, including hypoxia-
inducible factor 1-alpha (HIF-1a), C-C motif chemokine ligand 2 (CCL2),
superoxide dismutase 2 (SOD2), IL-1f, and nitric oxide synthase 2
(NOS2), all of which are associated with the inflammatory state of
chondrocytes (Fig. 5E).

Upregulation of NOS2 was shown to be a driver of OA-related
chondrocyte dysfunction [77]. HIF-1a is recognized for its dual role in
OA. While HIF-1a upregulates the pro-inflammatory cytokine IL-1§ in
osteoarthritic tissue, it might also support cartilage homeostasis in
healthy conditions by maintaining chondrocyte function in hypoxic
environments and increasing SOX9 expression [78,79]. In our study, the
OA-like model demonstrated decreased SOX9 expression alongside
elevated IL1p, suggesting that HIF-1a may be driving an inflammatory
response in this context, thereby contributing to an OA-like phenotype.

C-C motif chemokine ligand 2 (CCL2), also known as monocyte
chemoattractant protein-1 (MCP-1), is a chemokine crucial for recruit-
ing monocytes and other immune cells to inflamed sites, thus amplifying
the inflammatory response within joint tissues. Elevated levels of CCL2
have been identified in the synovial fluid of osteoarthritic knee joints, as
well as following acute traumatic joint injuries. In animal models, CCL2
expression is induced in cartilage after surgical destabilization of the
joint, and in vitro studies show it increases in response to mechanical
injury of cartilage tissue. In addition to its role in immune cell recruit-
ment, CCL2 directly affects pain pathways. It can directly excite noci-
ceptive neurons, contributing to the pain associated with joint
inflammation. Notably, transient upregulation of the CCL2/CCR2 axis in
the dorsal root ganglia (and potentially within the joint itself) has been
observed to precede the onset of pain, likely by increasing the sensitivity
of joint tissues to mechanical stress [80,81]This suggests that CCL2 is an
inflammatory marker and a mediator of nociception.

The expression of genes related to matrix degradation as a disintegrin
and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), and
MMP1, MMP3, and MMP13 proteolytic enzymes showed to be increased
from 3D engineered healthy constructs to the OA-like model (Fig. 5E). In
line with our findings, others have reported that the production of MMP-
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1, —3, and —13 and aggrecanases ADAMTS—4 and —5 are stimulated by
the combined expression of IL-1p and TNF-a [82]. Our data showed a
loss of WNT4, which has been shown to induce spontaneous develop-
ment of OA-like joint alterations in animal models [83] along with the
decrease of TGF-B2 which also relates to a lower chondrogenic potential
of cells.

Clear evidence on COL2A, sushi repeat containing protein X-linked
(SRPX), SOX-9, ACAN and TGF-B3 reduction (>2-fold decrease) was
observed from healthy to inflammatory conditions with an increased
expression of COL10A1 supporting the change towards a hypertrophic
phenotype of OA-like 3D engineered constructs. In fact, these data were
further supported by the quantitative analyses of the protein expression
by immunohistochemistry. We assessed the expression of Col-II,

MMP13, and Col-X proteins in both the healthy construct and OA-like
model at day 28. Our findings showed that chondrocytes in the OA-
like model consistently exhibited reduced Col-II production, along
with increased MMP13 and Col-X protein expression, compared to
chondrocytes in the healthy construct (Fig. 5F and G). These results
indicate that our OA-like model successfully replicates a key hallmark of
osteoarthritis, specifically the loss of ECM components like Col-II and
increased MMP13 secretion [84,85]. Additionally, Col-X expression
shows a shift toward a hypertrophic phenotype in the chondrocytes
within the 3D-engineered OA model (Fig. 5F and G).



E. Kahraman et al.
2.4. Impact of OA-model on sensory innervation profile

2.4.1. Paracrine signaling: 3D engineered OA-model secretome on sensory
innervation profile

Unlike other musculoskeletal connective tissues, namely periosteum
and synovium, cartilage lacks blood vessels and innervation supply.
However, studies acknowledged that nerve fibers, branching from sub-
chondral bone, reach cartilage tissue in OA settings [2], playing a major
role in the inflammation and OA-associated pain [19]. Still, the mech-
anisms regulating the neuronal sprouting are unclear. Neuro-immune
modulation is accepted as a crucial component for the OA mimicking
platforms to study the interplay between the peripheral nervous system
(PNS) and joint tissue [86]. Building on above mentioned cutting-edge
technologies and knowledge, we integrated sensory neurons in the
nerve unit of the microfluidic device and exposed the axonal terminals
to the secretome of healthy and inflamed 3D engineered cartilage con-
structs. As such, we aimed to evaluate the axonal growth of DRG neurons
in response to the developed model to functionally recapitulate aneural
native cartilage tissue and the innervated OA-like microenvironment
[86,871].

In this model, we cultured dissociated sensory neurons from DRG in
the presence of the healthy and inflamed 3D engineered cartilage con-
structs secretome on the axonal side (chondrocyte unit) of the device
(Table 1, Fig. 6A). The healthy and inflamed OA-like models were
developed as previously defined and their secretome were collected at
day 28. Then, dissociated sensory neurons terminals were exposed to
healthy and inflamed construct secretome and their control groups;
namely chondrogenic medium (CM) as a control to healthy construct
secretome (HC-S), macrophage secretome mix (MS) (1:1, chondrogenic
medium and M1 macrophage secretome) as a control to inflamed
construct secretome (OA-S) (Fig. 6A). When sensory neurons were
exposed to HC-S, we did not observe any axonal growth towards axonal
side of the device (Fig. 6B). In contrast, when sensory neurons were
cultured with OA-S, an increased axonal growth was observed towards
the inflammatory microenvironment (Fig. 6C). The quantification of
axonal growth was assessed using AxoFluidic, an algorithm previously
developed by our group [88]. In the graph, 1 value represent the length
of the axons, while A value represent the number of axons that cross to
axonal side of the device. The analysis shows that in presence of OA-S,
there is a significant increase in the length of axons and in the number
of axons that reaches the chondrocyte unit of the device in comparison
with HC-S (Fig. 6D). In comparison to healthy model (HC-S), the in-
flammatory construct (OA-S) might secrete neuro attractant factors
released by inflamed chondrocytes promoting innervation towards
axonal side of the device, whereas healthy chondrocytes secrete nerve
repellent factors.

When neurons were cultured with CM, without contact with chon-
drocytes, we observed that neurites were thoroughly able to cross mi-
crogrooves towards the axonal side of the device, proving that the

Table 1

Media composition description used to set the experimental conditions for
paracrine effect studies of healthy and inflamed 3D engineered chondrocytes on
Sensory neurons.

CM Chondrogenic medium

Complete media used to culture the 3D engineered chondrocytes. This media has not
been in contact with cells.

HC-S  Healthy construct-secretome

Secretome collected from 3D engineered chondrocytes upon culture with CM
(standard culture conditions - healthy).

MS Macrophage secretome mix

Medium composed by M1 macrophage secretome + CM (1:1). This formulation is
composed by a mixture of secretome collected from M1 macrophages and
chondrogenic medium (CM).

OA-S  OA construct-secretome

Secretome collected from the 3D engineered constructs after exposure to MS
(inflammatory conditions triggered by the MS stimuli).
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medium alone does not impair axonal growth (Fig. 6E). We further
quantified the axonal growth of sensory neurons and we demonstrated
that there was a significant increase on the neurite sprouting, and the
number of axons crossing, towards CM comparing to HC-S (Fig. 6F).
Previous studies showed that sodium pyruvate and insulin, components
of CM formulation, promote viability of neurons, neurite length and
number of branching of cultured dissociated mice DRG neurons [89,90].
We confirmed that, by eliminating these factors from the CM, no growth
was observed (data not shown). Comparing to CM experimental control,
our data indicate that neurons exposed to HC-S are subjected to a
neuronal repulsion, recapitulating the native cartilage tissue lacking
innervation supply. The further comparison of the impact of OA-S and
MS on sensory innervation shows significantly higher A and A values
when sensory neurons cultured with OA-S than the neurons cultured in
the presence of MS (Fig. 6G and H). We successfully recapitulate the
innervation profile of healthy and inflamed cartilage by assessing axonal
outgrowth of sensory neurons. These data strengthen our hypothesis
that the secretomes from HC-S and OA-S comprise different combina-
tions of axonal guidance cues, e.g., semaphorins, which have a crucial
role on specific axon guidance for sensory nerve fibers in joint [91,92].
Additionally, it has been described that catabolic pathways of chon-
drocytes induced by inflammatory environment can possibly guide
innervation of substance P positive nerve fibers towards the inflamed
cartilage [2]. This breakdown of cartilage homeostasis stimulate release
of IL-1p and MMP13 in human articular chondrocytes and these accel-
erated catabolic processes promote ingrowth of nerve fibers into the
articular cartilage [2,93].

2.4.2. Direct signaling: 3D engineered OA-model coculture with sensory
neurons

To deepen our understanding of the crosstalk between 3D engineered
cartilage and sensory neurons, we additionally evaluated the two-way,
real-time and bidirectional interactions between sensory neurons and
chondrocytes on a single platform, through coculture experiments
(Fig. 7). Direct coculture experiments offer contact between the different
cell types, enabling communication through the cells’ surface receptors
and gap junctions, while keeping the local communication through
soluble factors released by the cells [94]. The 2-compartment micro-
fluidic device guarantees the analyses of axonal responses of sensory
neurons to different biochemical stimuli originating from healthy and
inflamed 3D engineered cartilage constructs in real-time, similar to
previously established compartmentalized microfluidic models for other
tissue types, except cartilage [95].

The developed 3D engineered cartilage constructs, under both
healthy and OA-like environments, were cocultured with dissociated
sensory neurons derived from mice DRG, to evaluate how the constructs
impact the sensory innervation profile. The 3D engineered constructs
were allowed to reach full maturation until day 23 when they were
exposed to M1 macrophage secretome (MS) for additional 48h. Disso-
ciated sensory neurons were seeded in the nerve unit and the coculture
proceeded for 5 days until day 28 of chondrocyte maturation (Fig. 7A).
At day 28, upon the 5 days coculture, the 3D cartilage constructs were
stable showing the expression of Col-II (Fig. 7E, healthy cartilage
construct) and MMP-13 (Fig. 7E, OA-like model). Contrary to the data
obtained for the paracrine effect mediated by the different secretomes,
both coculture with 3D healthy cartilage construct and 3D engineered
OA-like model did not increase the axonal growth of sensory neurons
(Fig. 7B and C). In fact, for both conditions, images showed that sensory
neurons do not project their axons toward the chondrogenic unit where
the patterns were cultured. To discard the possible impact of GelMA
hydrogel on the axonal growth, sensory neurons were cultured in the
presence of empty hydrogel patterned in the chondrogenic unit. Great
axonal growth was detected, showing the neurites surrounding the
GelMA patterns, with no signs of axonal degradation (Fig. 7D).

To understand the molecular mechanisms underlying the repulsive
axonal behavior mediated by 3D engineered constructs, we analyzed the
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expression levels of axon guidance cues with a consolidated capability in
promoting axonal growth or repulsion. The gene expression analysis
showed that semaphorins (Sema3A, 3C, 3D and 5A) were reduced from
healthy to OA-like model (Fig. 7F). Semaphorins are secreted proteins
known to function as chemorepulsive agents inhibiting axonal
outgrowth [92,96]. The higher expression of these molecules by the
healthy 3D engineered cartilage supports the data collected from both
paracrine secretome assay and the coculture assay. Netrin-1 (NTN1) was
also shown to be downregulated in the OA-like model. This protein can
play a dual role in the axonal growth [97], however in the context of OA,
it was shown to be expressed by the osteoclasts present in the joint tissue
to promote axonal growth [98]. In this 3D engineered OA-like model the

11

reduction of netrin-1 and brain-derived neurotrophic factor (BDNF),
along with the increased expression of repulsive slit homolog 3 (SLIT3)
and draxin molecules support the functional axonal growth data ob-
tained from the direct coculture settings [99,100]. Previous studies
already established the inhibitory effect of slits and draxin on axonal
outgrowth both for central and peripheral nervous system, including
sensory neurons [101-103]. Besides the impact on axonal guidance,
slit3 has been linked to a regulatory role in endochondral ossification by
B-catenin suppression in chondrocytes [104]. While no data has been
published on the draxin expression by chondrocytes, the deleted in colon
carcinoma (DCC) receptor that binds draxin and netrin-1 was shown to
be specifically up-regulated in chondrocytes of OA patient samples
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compared with healthy patients [105]. Besides the role of these axon
guidance cues on neuronal regulation, their impact is also described on
chondrocytes differentiation, migration and expression of catabolic
markers [105].

In the direct coculture assays, it is essential to account for the dy-
namic nature of soluble factors, particularly those with shorter half-lives
or that require elevated local concentrations to impact nearby cells
effectively. Their influence might be significantly underrepresented in
secretome assays, where samples are collected and analyzed at static
time points. In a coculture environment, however, these factors are
continuously secreted, facilitating a sustained and localized signaling
effect. This continuous interaction allows for a different assessment of
how these molecules influence cell behavior, as their transient presence
can play critical roles in modulating responses such as axon guidance
and inflammation. Thus, interpreting the functional assays from cocul-
ture setup alongside paracrine secretome testing can provide a fuller
understanding of cell-cell interactions that are essential for modeling
complex, multicellular environments like the joint.

2.5. Quantitative monitoring of engineered microtissue in the microfluidic
platform

The quantitative analysis of the microfluidic platform stands as a

hallmark in advancing the development of OoC systems, providing
invaluable insights into the dynamic behaviors of the miniaturized

A
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pathophysiological models. However, it remains notably challenging
achieving precise quantification in this cutting-edge field. One of the
most commonly used technique for protein and cytokine detection is
based on immunoassays, ELISA and antibody array assays [106,107],
which generally are incompatible with miniaturized OoC systems given
the low volume and concentrations of factors secreted within the
microfluidic platforms. This challenge drives the rationale for the
fabrication of a sensitive top-level LoC sensor to monitor the engineered
microtissue system.

2.5.1. Principle and design of EliChip™ system

To overcome the need of pooling samples decreasing the data sta-
tistical power, we provide a highly sensitive technology relying on
specific antibody-antigen interactions, with the use of 10 times less
volume than the standard ELISA. EliChip™ is a portable and off-chip
automated Lab-on-a chip (LoC) system, developed to provide minia-
turized ELISA allowing the sample analysis from a single OoC for point
of care enzyme immunoassays (patent no. W02018015931). The system
is based on a disposable microfluidic card and a reader for handling
reagents and reading the results. It allows non-specialized personnel to
perform quantitative low-cost analysis on single sample.

The EliChip™ LoC has 4 reaction lines made up of different reser-
voirs to store reagents, a reaction chamber, a detection chamber and a
waste reservoir The reagent storage region comprises one or more re-
agent micro-reservoirs adapted to contain the reagents necessary for

L] L] L] [}
L] L]
L] [ ] L] L]
L] @ 5
L] [ ] L] L] 4 /
@ L]
. . . . Reaction chamber ¢
® L) Washing volume: 20p
% Inlet
. - D - - reservoir @ Collection’ & nie
. ° reservgir N
o ° . o @ \
L] @ ﬁ
L] [ ] L] (] /{\
- s / \ \ §
A\ 4 XN Y N\ 4 &
-, - - «| YY YY Y’Y YY’ TY _§
Capture  Target Detection Streptavidin TMB substrate <
¢ y © " y ° Antibody ~ Protein antibody HRP  Colored groduct Antigen level

Fig. 8. Design of the lab on a chip (LoC) for protocol set up and working principle. A. EliChip™ reader with the LoC cartridge inside. B. Optic reading module: i)
halogen lamp; ii) Optical fiber; iii) Interface between LoC and the module; iv) LoC; v) the photo diode. C. The disposable microfluidic card designed to include 18
parallel circuits. D. Schematic representation of the functional unit of each circuit in the card, composed of a washing and a collection reservoir, a reaction chamber
and an inlet. Antibody-antigen conjugation occurs in the reaction chamber, following the working principle: the coating of the chamber with capture antibody is
followed by target protein and detection antibody interaction and finally, HRP-TMB reaction gives the final-colored product to measure antigen level.
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conducting the assay (e.g., conjugated antibodies, enzymes, chromo-
genic reagents, washing solutions, buffer solutions and acids) suitably
preloaded and ready to use to avoid any possibility to contaminate the
reader. All these areas are connected with a microfluidic circuit.
Analytical protocols are completely managed by the automated portable
instrument/reader (Fig. 8A).

To develop the protocols, a new LoC was designed with 18 simplified
microfluidic circuits (Fig. 8C). With this alternative LoC design only part
of the channels and the reaction chamber of EliChip™ disposable LoC
were retained (Fig. 8D). In this case the loading of sample and reagents is
manual, while the reading is carried out with the EliChip™ reader. This
LoC is useful to optimize the analytical protocol of the target molecules
with minimal reagent consumption. The region of insertion of the
sample to be assayed (with a volume of 20 pl) receives the liquid sample
containing the analytical of interest such as, for example, cytokines and
growth factors present in cells secretome. The reaction region, con-
taining immobilized probes where the immunoenzymatic reaction oc-
curs, is pre-coated with the capture antibody, followed by i. binding
target protein to the capture antibody and to the detection antibody; ii.
HRP-TMB conjugation in the reaction region that will produce a final-
colored product through oxidization of TMB (Fig. 7B). The final-color
intensity is correlated with the antigen level in the sample. The cham-
ber was conceived to prevent air bubbles forming and to provide
reproducible results. The colored solution is placed in a reading cham-
ber, specifically designed to interface the optical module. Interface re-
gion with the instrument is possible through connections that put the
microfluidic circuit present the LoC in communication with the man-
agement and analysis instrument. A protective film for closing the in-
lets/outlets (when the LoC is not used), allow the preloaded LoC to be
provided while preventing the evaporation of liquids or any
contamination.

The hardware and software to control the fluidics, read the results
and send the data, can be assessed independently locally and/or
remotely. The reading, in the set-up phase can be carried out both
through an external optic module and through EliChip™ reader. The
optic module is composed of a halogen lamp as light source filtered at
450 nm and a photodetector (Fig. 8B). Instead, in EliChip™ reader, the
optical module consists of 4 white LEDs interfaced with 4 CMOS mini-
spectrometers with 11 reading lines. The great advantage of EliChip™
is that it can read multiple wavelengths and therefore allows the use of
different tracers. The software interface allows quickly interchange be-
tween optimized protocols depending on the analyte under assessment.

2.5.2. Off-chip automated LoC system for soluble factors

EliChip™ LoC system technology was assessed by testing two
different cytokines (IL-6 and TNF-a) and a growth factor (nerve growth
factor, NGF). The quantification range and limit of detection (LoD)
allowed to infer about the sensitivity of EliChip™. A maximum con-
centration of 500 pg/mL for IL-6 and NGF, and 2000 pg/mL for TNF-qa,
were validated within the linearity of the calibration curve regression.
An LoD of 11.80 pg/ml, 30.03 pg/ml and 11.20 pg/ml was set for IL-6,
TNF-a and NGF, respectively (Table 2). Commercially available stan-
dard ELISA assays have a maximum concentration in different ranges:
for IL-6 and TNF-a: 500 pg/ml (ELISA MAX™ Deluxe Set Human TNF-q,

Table 2
Optimized detection range of each molecule (IL-6, TNF-a and NGF) and
respective limit of detection (LoD) for EliChip™ and standard ELISA.

EliChip™ Standard ELISA
Analyt
natyte Range (pg/ml) LoD (pg/ml) Range (pg/ml) LoD (pg/ml)
IL-6 0-500 11.80 0-500 7.8
0-2000 30.03 0-500 7.8
TNF-«
0-500 11.20 0-1750 27.3
NGF
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cat no. 430204; ELISA MAX™ Deluxe Set Human IL-6, cat no. 430504,
Biolegend); for NGF: 1750 pg/ml (ELISA® Human beta nerve growth
factor, cat no. ab193760, ABCAM), whereas LoD are 7.8 pg/ml for IL-6
and TNF-a, and 27.3 pg/ml for NGF (Table 2). Considering such values,
EliChip™ offers higher sensitivity for NGF detection when compared to
commercial ELISA kits given that some of the samples contained NGF at
a concentration of 13 pg/ml (lower than the LoD of the commercial
ELISA kit) which precluded its detection from the chondrocyte secre-
tome. Even though EliChip™ has higher LoD for IL-6 and TNF-a, the LoC
technology offers the unvaluable possibility to obtain read out from a
single OoC device, eliminating the need of high volumes for
immunoassays.

Intra-assay coefficient of variation (intra-assay CV%) and inter-assay
coefficient of variation (inter-assay CV%) relates to the precision and
accuracy of the assay. The average intra-assay CV% (standard deviation/
mean x 100) was calculated by confronting 2 triplicates for each con-
centration on the same card. The inter-assay CV% was calculated by
confronting 10 analyses performed on 10 different cards. An average
intra-assay CV% of 3.39 %, 9.94 % and 5.93 % was detected for IL-6,
TNF-a and NGF, respectively (Table 3). The average inter-assay CV%
for IL-6, TNF-a and NGF were 4.76 %, 3.51 % and 5.75 %, respectively
(Table 3). Overall, the protocols optimized for EliChip™ show good
sensitivity and reproducibility (Tables 2 and 3).

A side-by-side validation of the EliChip™ compared to standard
ELISA was performed quantifying the secretion of IL-6 by MO macro-
phages and M1 macrophages. Conventional ELISA with a range of
detection between 7.8 and 500 pg/mL and a sensitivity of 4 pg/mL
(ELISA MAX™ Deluxe Set Human IL-6, cat n0.430504, Biolegend) was
used. We observed that the amount of IL-6 expressed in MO macrophages
was lower than the detection range of conventional ELISA, as 2 different
measurements from different samples matched 0 pg/ml, but IL-6 amount
in those samples was detected using EliChip™ (Fig. 9A). For this reason,
the amount of IL-6 was also assessed in the supernatant of M1 macro-
phages. Given the higher concentrations present in the sample, both
techniques performed returned more precise values, still the quantifi-
cation with EliChip™ was slightly increased (Fig. 9B).

EliChip™ performance brings to the in vitro diagnostics field: i.
miniaturization of the assay allowing the target proteins concentration
into small volumes; ii. immobilization of the antibody; iii. increased
surface/volume ratio owing to 3D reaction chamber that improves the
binding [108]; iv. elimination of TMB substrate contamination thanks to
having a separated collection reservoir.

2.5.3. EliChip™ analytical station: monitoring the healthy and OA-like
model

Once established and validated, we were able to use EliChip™ to
perform the quantitative analysis of the engineered healthy and OA-like
cartilage models. We checked the amount of IL-6 expressed by primary
human chondrocytes of healthy construct and OA-like model at day 14
and day 28. IL-6, as an inflammatory cytokine, has been implicated one
of the most abundantly expressed cytokine in the articular cartilage and
synovial fluid in human OA [109,110]. IL-6 itself has no direct effect on
the synthesis of proteolytic enzymes but it stimulates the MAPK
signaling pathway and triggers signaling cascade activating catabolic
reactions in joint and breaking cartilage homeostasis [111].

We observed almost 4 times higher IL-6 (mean: 3930 pg/ml) in OA-
like model at day 14; and almost 3 times higher IL-6 (mean: 2180 pg/ml)

Table 3
Optimized intra-assay coefficient of variation (CV%) and inter-assay CV% values
(IL-6, TNF-a and NGF) for EliChip™.

Analyte Intra-Assay CV% Inter-Assay CV%
IL-6 3.39 % 4.76 %
TNF-o 9.94 % 3.51 %
NGF 5.93 % 5.75 %
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Fig. 9. Detection of IL-6 and NGF using EliChip™. Side-by side validation of EliChip™ compared to ELISA through detection of IL-6 from A. MO macrophages B. M1
macrophages. C. Quantification of IL-6 produced by chondrocytes of healthy cartilage constructs (HC-S) and OA-like model at day 14 and day 28 using EliChip™. D.
Quantification of NGF expressed by chondrocytes of HC-S and OA-like model at day 14 and day 28 using EliChip™. The statistical analysis was performed using
Shapiro-Wilk test followed by Sidak’s Multiple comparison test. The statistical significance level was set to p < 0.05; ns = non-significant. For each assay n = 3; 3

different donors.

at day 28 comparing to their respective time point healthy constructs
(mean: 950 pg/ml at day14; 803 pg/ml at day 28 (Fig. 9C). These values
prove that chondrocytes were producing IL-6 in response to inflamma-
tion since the detected amount of IL-6 from chondrocytes was 3 times
higher at day 14 (mean: 3930 pg/ml) and 1.5 times higher at day 28
(mean: 2180 pg/ml), comparing the IL-6 coming from the M1 macro-
phage secretome. It should not be neglected that the secretome collected
from macrophages was diluted with chondrogenic medium in 1:1 ratio,
so the final concentration used to stimulate inflammation on chon-
drocytes is 1353 pg/ml. It should not also be ignored that even healthy
chondrocytes can produce very low amounts of IL-6 (154.7 pg/ml),
which is 3 times less than the amount expressed in OA human chon-
drocytes (427.9 pg/ml) [112].

We additionally performed quantification of NGF from HC-S (healthy
construct) and OA-S (OA-like model) at day 14 and day 28, since NGF is
a molecular target in the OA mice and human DRG in response to
inflammation, and it can be involved as pain-inducing molecule owing
to its role in mediating inflammatory pain [113,114]. The results
showed that chondrocytes of OA-like model have tendency to produce
higher NGF comparing to healthy construct chondrocytes both at day 14
and day 28 (Fig. 9D). Our finding is supported by Iannone et al. who
showed that articular cartilage chondrocytes are expressing NGF mRNA
through RT-PCR, and almost 41 % of the chondrocytes were defined
NGF-positive cells through flow cytometry [115]. In line with this data,
we hypothesized that axonal growth observed when sensory neurons
exposed to OA-like model secretome (OA-S) might be implicated with
the increased amount of NGF secreted by chondrocytes, considering
NGF has been acknowledged as an essential growth factor for axonal
guidance of sympathetic and sensory neurons in PNS [116]. Notably, in
OA joints, NGF facilitates the nociceptor sensitivity and axonal terminal
sprouting of SP+ and CGRP + sensory neurons in DRG through its re-
ceptor tropomyosin receptor kinase A (TrkA) [114,117-119]. Conse-
quently, NGF stimulates a MAP kinase-signaling pathway which also has
a role on both axonal outgrowth of sensory neurons [120], and inducing
proinflammatory responses in human chondrocytes. These imbalances
cause even more production of NGF and other inflammatory cytokines
from chondrocyte, but the mechanism is yet to be identified [21,121].
Such bidirectional communication occurring between chondrocytes and
sensory neurons is highly essential for controlling immune responses
and nociception in the joint. Thus, having a technology as EliChip™ that
allows the detection of growth factors, with impact on neuroimmune
axis, from joint-on-chip models will favor the development of rationale
insights of OA disease progression and mechanisms.
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3. Conclusion

In this study, we successfully recapitulated the main hallmarks of
human OA pathophysiology in vitro, through the implementation of OoC
technology combined with highly sensitive quantitative analytical tools
for microsystem monitoring. We delivered 3D engineered cartilage
constructs, patterned inside microfluidic chips, presenting cartilage
phenotypic markers and ECM production, stable for 28 days maturation.

By exposing the engineered constructs to the secretome of primary
human proinflammatory macrophages, we successfully induced OA-like
inflammatory responses, activating pathways that drive cartilage
degradation. In parallel, we investigated the in vitro innervation profile
of OA by assessing axonal growth in peripheral sensory neurons within
the context of both healthy and inflamed 3D engineered cartilage
models. This included analyzing paracrine effects mediated by the
secretome as well as the bidirectional real-time crosstalk in coculture
settings. Interestingly, we observed that sensory neurons exhibited
enhanced axonal growth when exposed to the OA secretome alone;
however, this effect was not replicated in direct coculture with the OA
3D engineered construct. These findings suggest that differences in local
concentration and stability of key signaling factors, when sensory neu-
rons and inflamed chondrocytes are in close proximity, might influence
neuronal responses. Importantly, both the secretome and coculture ap-
proaches provide complementary insights into OA-model innervation
mechanisms. The secretome assay allows for the study of soluble factors
and their effects on sensory neurons, while the coculture model captures
more complex cell-cell interactions within a shared environment.
Together, these approaches offer a more comprehensive understanding
of the mechanisms underlying OA-associated innervation and represent
valuable tools for further exploration of OA pain pathways. Ultimately,
we covered the need of microsystems quantitative analysis tools by
providing reliable immune-based sensor technology - EliChip™ - to
assess the molecular signature of cytokines and growth factors on both
healthy and diseased models in vitro.

While this study advances joint-on-chip models and provides valu-
able insights into OA pathophysiology, certain limitations should be
acknowledged. The available options for human sensory neurons remain
limited, as protocols for deriving sensory neurons from human induced
pluripotent stem cells (iPSCs) are still evolving. Recent advancements
have shown promises, but current methods often face challenges,
including variability in protocols and instability of sensory neurons
phenotype over the maturation period. As a result, this study used mouse
DRG sensory neurons, which, while sharing functional similarities with
human sensory neurons, introduce interspecies differences in gene
expression and pain signaling pathways that could influence the
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outcomes observed. Future work could address this by incorporating
human-derived sensory neurons as iPSC technology advances, reducing
interspecies variation and enhancing the human relevance of the
findings.

A key strength of this study is the use of patient-derived cells, such as
chondrocytes and macrophages, which enhances the physiological
relevance of the model. Incorporating cells directly from OA patients
allows the system to more accurately reflect the unique characteristics of
diseased joint tissues, making it possible to capture critical cellular be-
haviors and interactions that are representative of actual clinical con-
ditions. By integrating these patient-specific cells into a microfluidic
system, this model moves closer to replicating the complex environment
of the osteoarthritic joint.

Despite current limitations in the availability of mature human
sensory neuron models, this study marks an important step forward in
simulating joint interactions and offers a valuable platform for exploring
OA-associated pain mechanisms. The combination of OoC technology
with highly sensitive immune-based sensors, capable of detecting OA-
specific biomolecules within a single microfluidic device, has the po-
tential to accelerate the discovery of molecular players involved in OA
pathophysiology. This approach will also provide a more accurate sys-
tem for drug testing and the development of new therapeutics for OA,
bringing us closer to clinically relevant, personalized treatment options.

4. Experimental section
4.1. Hydrogel production and characterization

4.1.1. Preparation of the hydrogel

The hydrogel precursor solution (0.2 % w/v) lithium phenyl-
2,4,6trimethylbenzoylphosphinate (LAP) (Sigma Aldrich, 90088) was
prepared in prewarmed (50 °C) phosphate-buffered saline (PBS). Later,
lyophilized GelMA (Cell ink, PhotoGel® 50 % DS) was dissolved in the
precursor solution to a final concentration of 5 % or 10 % (w/v) at 50 °C
and maintained at 37 °C. The cell/hydrogel solution at desired cell
concentration and volume was prepared: i. 50 pl of 5M cell/ml con-
centration for each well of p-Slide Angiogenesis (ibidi cat. n0.81506); ii.
10 pl of 30M cells/ml for the channel of microfluidic device. The cell/
hydrogel suspension was exposed to UV light at 365 nm at 10 mW/cm?
power for 10 s. The crosslinked hydrogel constructs were cultured in
differentiation media, defined below, at 37 °C for different time points
for further analysis.

4.1.2. Porosity and swelling ratio of the hydrogel

The porosity of GelMA hydrogels was measured using the solvent
replacement method (a technique based on the liquid absorption within
the hydrogel) [40]. Crosslinked hydrogels were immersed in absolute
ethanol and weighed at intervals (day 7, 14, 21, and 28) after removing
the excess ethanol on the surface using filter paper. The porosity was
calculated using the following formula:

M) x 100;
pV

Porosity = (
where W1 is the mass of the hydrogel before immersion in absolute
ethanol, W2 is the mass of the hydrogel after immersion in absolute
ethanol, p is the density of absolute ethanol, and V is the volume of the
hydrogel. The swelling ratio of the hydrogel was evaluated by the
weighing method [40]. The prepared samples were freeze-dried, and
then the dry weight of the samples was recorded by an electronic bal-
ance (Mettler Toledo, AG285), followed by weighing of the hydrogels
soaked in PBS buffer at intervals (day 7, 14, 21, and 28). The swelling
ratio was calculated using the following formula:

Swelling ratio = (wet weight — dry welght) x 100

dry weight
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4.1.3. Permeability and diffusion assay

To assess the diffusion capacity through GelMA hydrogel, the
channel of the chondrocyte unit was prepared with two conditions: 1.
The channel was fully-loaded with 5 % GelMA; 2. The patterns were
formed in the channel using a high-resolution photomask (SELBA S.A.,
Fuyjifilm HPR7S) with black and transparent regions, the latter allowing
selective passage of UV light. Afterwards, 3-5 kDa Fluorescein isothio-
cyanate (FITC)-dextran solution (0.5 mg/ml in PBS, Sigma-Aldrich,
FD4) was added into the reservoirs and its diffusion through the
hydrogel over time was monitored by fluorescence microscopy
(equipment).

4.1.4. Mechanical properties

The rheological properties of GelMA hydrogel were measured by
Kinexus Pro rheometer (Malvern Instruments, Malvern, UK) at 25 °Cin a
water-vapour saturated environment, immediately after preparation.
GelMA hydrogels were crosslinked using the parameters previously
defined, shaped as cylinder 8 mm diameter and 1.8 mm thickness, and
incubated in PBS during the measurement. The linear viscoelastic region
(LVR) of the samples was determined compressing the samples (oscil-
latory measurement gap) through amplitude sweep and frequency
sweep measurements. The stress-strain graph was obtained using the
amplitude sweep values at 20 % Strain, at 0.2Hz frequency (linear re-
gion). The corresponding Young’s modulus was calculated from the
curve of the stress-strain graph. All rheological measurements were
made in triplicate.

4.1.5. Microfluidic design and fabrication

Both commercial (Xona Microfluidics, SND450) and home-
fabricated microfluidic devices, containing similar features and di-
mensions, were used in the present study. The 2-compartment micro-
fluidic device comprised two different unit (chondrocytes and nerve).
Each unit included one central channel (1 mm width; 100 pm height)
and 2 medium reservoirs (5 mm diameter), volume of 150 pl on each
chamber. The two compartments of the device were connected through
microgrooves (450 pm in length) to enable the separation of somal and
axonal components of neuronal cells, reproducing the in vivo setting
where only the neuronal projections reach the subchondral microenvi-
ronment. An adaptation for the nerve unit included neural cell chamber
carved out using a 3 mm biopsy punch (no.BPP-30F, Kai Medical) for the
seeding of dissociated sensory neurons.

To produce the devices in the lab, polydimethylsiloxane (PDMS,
Sylgard® 184 Silicone Elastomer Kit; Down Corning) polymer mixture
was prepared mixing thoroughly curing agent and base (1:10, w/w),
degassed under vacuum, transferred into previously fabricated replica
molds and polymerized at 70 °C for 1.5 h. Later, the cured PDMS plaque
was cut, gently peeled from the mold. The medium reservoirs on both
compartment of the device was formed using a 5 mm biopsy punch (no.
BP-50F, Kai Medical) and a 3 mm punch (no.BPP-30F, Kai Medical) for
seeding of dissociated sensory neurons. After sterilization of PDMS
plaques and glass coverslips with 70 % ethanol, two layers were
permanently bonded with Oy plasma treatment for 10 s, creating hy-
droxyl groups on both surfaces for stable adhesive bonding and allowed
to cure overnight at 70 °C before further experimental use, for hydro-
phobic recovery of the PDMS.

4.2. Cell culture

4.2.1. Ethics approval

Human chondrocytes: Human primary human chondrocytes were
isolated from patients undergoing total joint replacement due to end-
stage OA at the Centro Hospitalar Universitario de S.Joao, Portugal
(ethical approval ref. 196/19). Written informed consent was received
from all patients.

Primary human monocytes: Human monocytes were isolated from
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buffy coats of healthy blood donors. These were kindly provided by the
Immunohemotherapy Department of Centro Hospitalar Sao Joao (CHSJ)
from Porto, Portugal. This is covered by the ethical approval of the
service, under which blood donors give informed written consent for
their blood byproducts to be used for research purposes (Protocol
reference 90/19).

Mouse dorsal root ganglia: Animal experimental protocols comprising
tissues and cell isolation were carried out with prior written approval of
the constituted Institutional Animal Care and Use (Ethics) and the
appropriate National Regulatory Authorities (DGV) in compliance with
national (DL113/2013) and International (Directive 2010/63/EU) laws
and policies (ORBEA 2018/34 and Direcao-Geral de Alimentacao e
Veterinaria (DGAV) 0421,/000,/000/2020). i3S facilities are licensed by
DGAV and accredited by AAALAC and follow Federation of European
Laboratory Animal Science Associations (FELASA) guidelines and rec-
ommendations regarding laboratory animal welfare. EN holds accredi-
tation as Research-Coordinator for animal experiments (2008, C
category, FELASA). All animal procedures were approved by the i3S
ethics committee and by the Portuguese Agency for Animal Welfare
(DGAYV) in accordance with the EU Directive (2010/63/EU) and Por-
tuguese law (DL 113/2013). Mice were housed at 22 °C with a 12 h
light/dark cycle with ad libitum access to water and food.

4.2.2. Primary human chondrocytes isolation and culture

Human primary chondrocytes were isolated from patients. Firstly,
healthy looking cartilage tissue (distal and/or posterior femoral con-
dyles) was dissected from the joint and transferred into the isolation
medium (low glucose Dulbecco’s modified eagles’ medium (DMEM)
(Gibco 21885), 5 % Penicillin/Streptomycin (Pen/Strep) (Gibco
15140122), 5 % Fungizone (Biowest, LO009) while the dissection is
completed. The cartilage tissues were digested in digestion medium
(DMEM, High Glucose, (Gibco 31966-021); 5 % FBS and 0,15 % Colla-
genase B (Roche, 11 088 815 001)) for overnight at 37 °C with agitation.
The cells were passed through a 100 pm cell strainer and centrifuged at
1200 rpm for 12 min; the pellet was resuspended in DMEM high glucose
(Gibco 31966-021) supplemented with 10 % FBS (Biowest, S181B-50),
100 U/mL penicillin G, and cells were counted. Cells were expanded
in T75flasks in a humidified atmosphere with 5 % CO, at 37 °C, in
expansion medium (DMEM high glucose + 1 % Pen/Strep (Gibco
15140122), +1 % HEPES 1M (Gibco, 15630080) + Sodium Pyruvate 1
mM (Gibco, 11360070) + 5 ng/ml bFGF (Sigma Aldrich, 0291) + 1 ng/
mL TGF-1 (R&D, 100-B-001)) until confluency. The experiments were
performed with the cells between passages 1 and 4.

4.2.3. Primary human monocyte isolation and differentiation

Primary human monocytes were isolated from buffy coats of healthy
blood donors. Briefly, blood was centrifuged at 1200 g, with accelera-
tion 5 and no brake for 20 min at room temperature (RT) to collect the
PBMC layer, taking advantage of the density gradient. PBMCs were
incubated with the RosetteSep (StemCell Technologies, 15068) (67 pL of
RosetteSep/1 ml of PBMC) for 20 min on a roller agitator at RT, and
diluted in an equal volume of 2 % FBS: PBS mix. Later, the mix (PBMCs
+ PBS+2%FBS) was transferred gently to the top of a Ficoll-Histopaque
(Sigma-Aldrich, 10771) layer with half the volume of the mix, centri-
fuged at 1200 g for 20 min at RT to collect the interphase cell layer with
a Pasteur pipette. The interphase layer was washed 3 times with PBS 1X
and centrifuged at 1300 rpm for 6 min at RT. The final pellet was
resuspended in RPMI culture medium (RPMI 1640 Medium GlutaMax,
Gibco, 61870-010; FBS, Biowest, S181BH; 5 % Pen/Strep (Gibco
15140122), 500K cells were seeded on sterile coverslips 15 mm@ in 24-
well plate and cultured with 50 ng/ml M-CSF (ImmunoTools,
11343115) for 7 days at 37 °C. Later, the monocytes were incubated in
the culture medium without M-CSF for 3 days before the stimulation.
Monocytes were treated with 10 ng/ml LPS and 50 ng/ml IFN-y for 72 h
to polarize towards an M1 phenotype. After the polarization, M1
macrophage secretome was collected and stored at —80 °C for further
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use to develop inflamed cartilage construct and for further analysis
(ELISA, EliChip™ analysis), while the cells were used for flow cyto-
metric analysis.

4.2.4. Primary mouse dorsal root ganglion isolation, dissociation and
culture

Dorsal root ganglia (DRG) were isolated from the spinal cord of
C57BL/6 mice mouse embryos (E16.5). DRG were maintained in Hank’s
balanced salt solution (HBSS, Sigma Aldrich H9269) until the isolation
was completed. For biocompatibility test, DRG explants were cultured
on 5 and 10 % GelMA, prepared as previously defined, for 4 days. For the
microfluidic culture, enzymatic dissociation of DRG was performed in
two steps. First, DRG were incubated with 0.1 % collagenase type IV
(Sigma, C5138) in HBSS for 30 min at 37 °C. Later, cells were incubated
with Trypsin EDTA 0.125 % (Gibco, 25200056) at the final ratio of 1:1
(Trypsin EDTA 0.125 %: Col-IV: HBSS mix) for 15 min at 37 °C. Pro-
teolytic enzymes were blocked through 10 % FBS addition and me-
chanical dissociation was performed by pipetting up and down. Later,
cells were centrifuged at 1500 rpm for 5 min and one more mechanical
dissociation step was performed in HBSS, followed by centrifugation.
Finally, cells were resuspended in Neurobasal plus medium (Gibco,
A3582901) supplemented with 2 % v/v B-27 Serum-Free Supplements
(B-27, Invitrogen, LTI17504-044), 60 mM 5-fluoro-20-deoxyuridine
(FDU, Sigma-Aldrich, 46875), 25 mM Glucose (Glu, Sigma-Aldrich,
G6152), 1 mM Sodium pyruvate (Gibco, 11360-039), 50 ng/ml Nerve
Growth Factor (NGF, Merck, 480354), 2 mM Glutamax (Gibco,
35050061) and 1 % Pen/Strep. Finally, embryonic sensory neurons were
plated in the nerve unit of the microfluidic devices at a density of 10M
cells/5 pl per chip.

4.2.5. Healthy tissue engineered construct development, in-chip

After expansion, human articular chondrocytes were detached using
0.25 % Trypsin and centrifuged at 1200 rpm for 5 min. Afterwards, the
cells were resuspended in desired volume of 5 % GelMA solution at
37 °C, as previously described. The channel of chondrocyte unit of the
device was slowly filled with 10 pl of cell/hydrogel solution through
medium reservoirs, avoiding leaking of the hydrogel towards micro-
grooves, covered with the photomask from the coverslip side, the
hydrogel was crosslinked using previously defined parameters. Non-
crosslinked GelMA was removed from the channel washing with pre-
warmed PBS 1X. For the first 4 h, the cartilage tissue construct was
maintained with 20 pl of chondrogenic medium in each medium reser-
voir to avoid fluidic movement on the cells. Later, the construct was
cultured adding 30 pl of differentiation medium at 37 °C until the
further experimental analysis on day 7, day 14 and day 28. The culture
medium was gently changed by manual pipetting every other day. Dif-
ferentiation medium (DMEM high glucose, Gibco 31966-021), supple-
mented with 0.17 mM L-ascorbic acid 2-phosphate (Sigma Aldrich), 0.1
pM dexamethasone (Sigma Aldrich), 100 units/ml penicillin and 100
mg/ml streptomycin, and 10 ng/ml TGF-p3 (R&D Systems), 5 pg/ml of
insulin (Sigma), 5 pg/ml of transferrin (Sigma), 5 ng/ml of selenium acid
(Sigma), 1 mM of sodium pyruvate (Gibco), 0.35 mM of proline (Sigma),
1.25 mg/ml of bovine serum albumin (BSA, Sigma).

4.2.6. Inflamed 3D engineered cartilage construct development, in-chip

The inflamed tissue engineered construct was developed exposing
the healthy cartilage construct to the biochemical stimulation. To create
the inflammatory environment, differentiation medium/M1 macro-
phage secretome (1:1) mix was prepared. The healthy construct was
subjected to inflammatory environment for 48 h before the end of time
points (day 14 and day 28).

Secretome assay: Prior to the seeding of embryonic sensory neurons,
the microfluidic chambers were assembled on previously PDL coated
(100 pg/mL, Sigma Aldrich, P7280) coverslips according to manufac-
turer’s guide. Later, the chips were coated with 5 pg/mL laminin (Sigma
Aldrich, L2020), prepared in previously defined Neurobasal plus
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medium, and incubated overnight at 37 °C. After removal of laminin
coating, embryonic sensory neurons were seeded in the nerve unit
(somal) of the microfluidic device at previously defined density in
presence of 3D engineered cartilage constructs secretome which was
collected at day 28, once the chondrogenic differentiation was achieved.
The conditions assessed are: chondrogenic medium (CM; not in contact
with any chondrocytes) as a control to healthy construct secretome (HC-
S), macrophage secretome mix (MS) (1:1, chondrogenic medium and M1
macrophage secretome) as a control to inflamed construct secretome
(OA-S) as described in Table 1. The culture was maintained for 5 days.
The culture medium of sensory neurons was gently refreshed once
throughout the culture time.

4.2.7. Coculturing of 3D engineered cartilage constructs with sensory
neurons

The healthy cartilage construct (HCC) was developed as previously
defined above. When the HCC reached day 7, the inflamed tissue engi-
neered construct was induced by exposing the HCC into proin-
flammatory environment for 48 h, also defined above. When both HCC
and inflamed construct reached at day 9, dissociated primary sensory
neurons (at a density of 10M cells/5 pl per chip) were seeded in the
nerve unit of the 2-compartment microfluidic device, previously coated
with laminin. The coculture was maintained for 5 days in their cell-
specific culture media. The culture medium for sensory neurons and
human chondrocytes were gently refreshed every other day.

4.3. Cell culture assays

4.3.1. Live/dead assay

Cell viability was assessed through Calcein and propidium iodide
(PD) staining of chondrocytes encapsulated in i. 5 % GelMA and 10 %
GelMA in ibidi p-Slide Angiogenesis slide (cat. no.81506); ii. patterned
chondrocytes inside the microfluidic device for healthy and inflamed
cartilage construct. In both cases, after removal of culture medium, cells
were washed with PBS 1X and incubated with 3 pM Calcein-AM for 30
min protecting from light. Followed by another washing step with 1X
PBS and incubation with 2,5 uM PI for 3 min. As positive control for PI,
cells were fixed with 4 % PFA and stained only with 2,5 pM PI for 3 min.
Stained samples were imaged using a confocal laser scanning micro-
scopy (Leica SP5 for ibidi p-Slide Angiogenesis slide; Leica SP8 for
microfluidic culture). Confocal Z-stack projections were processed with
Fiji-ImageJ version 2.9.0/1.53t.

4.3.2. Metabolic activity

To study the metabolic changes during chondrogenic differentiation,
cells were cultured with chondrogenic medium for 7 days outside the
microfluidic device. For the metabolic assay, resazurin solution (0.1 mg/
ml) was added to each well of the ibidi p-Slide Angiogenesis slide (cat.
1n0.81506) with 10 % (v/v = resazurin/culture medium) and incubated
for 4 h at 37 °C. Fluorescence of resorufin (reduced product of resazurin
by metabolically active cell) is measured at 530 nm for excitation, 590
nm for emission. Cell metabolic activity was calculated according to the
formula below:

Cell metabolic activity (%) =100

y Experimental Resofurin release (530ex; 590em)
Maximum Resofurin release; control group (530ex; 590em)

4.3.3. Fluorescence-activated cell sorting (FACS)

To evaluate the expression differences of cytokine receptors between
the MO macrophages and proinflammatory M1 macrophages, FACS
analysis was performed after the cells were stimulated with 10 ng/ml of
LPS and 50 ng/ml INF-y for 72 h. Briefly, the cells were harvested and
rinsed with PBS. Cell suspensions were incubated with antihuman CD14-
FTIC (BioLegend, 301804), CD86 - PE-Cy7 (BioLegend, 305422) and
HLA-DR-BV42 (BioLegend, 307636) antibodies at 4 °C for 20 min. Cells
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were then rinsed with PBS and analyzed by flow cytometry (Beckman
Coulter, U.S.A). The data were analyzed via FlowJo software version
10.8.2 (BD Biosciences).

4.3.4. Enzyme-linked immunosorbent assay (ELISA)

Polarization of primary human monocytes into M1 Proinflammatory
macrophages was confirmed by ELISA for IL-6, IL-1p and TNF-a (Human
IL-6, ELISA MAX, Deluxe Set, 430504; Human IL-1, ELISA MAX, Deluxe
Set, 437004; Human TNF-a, ELISA MAX, Deluxe Set, 430204). Assays
were performed according to manufacturer’s instructions.

4.3.5. Alcian blue staining

After the fixation of cells with 4 % PFA, cells were washed with PBS
extensively and stained with Alcian blue reagent solution for 30 min.
Proteoglycans were observed under a bright field microscope
(equipment).

4.3.6. Immunofluorescence staining and confocal analysis

After the establishment of healthy and OA-like models, chondrocytes
were fixed with 4 % v/v PFA and sensory neurons were fixed with 4 % v/
v PFA and 4 % v/v sucrose (Duchefa Biochemie, SO809) mix for 20 min
at RT. Primary antibodies were diluted in blocking buffer (5 % FBS in
0.25 % triton X) and added to samples overnight at 4 °C. Primary an-
tibodies were used: beta-III tubulin (1:2000, G7121; Promega); Col-II
(1:100, ab34712, Abcam); ACAN (1:50, 13880-1-AP, Proteintech
Europe); SOX9 (1:100, NBP2-24659, Bio-Techne); MMP13 (1:100,
ab39012; Abcam); Col-X (1:100, ab49945, Abcam). After washing
samples in PBS three times, they were incubated for 1 h at RT with the
respective secondary antibodies (1:1000 AlexaFluor 488 donkey anti-
mouse (A11057, Invitrogen), AlexaFluor 568 goat anti-rabbit
(A11011, Invitrogen) or AlexaFluor 647 goat anti-mouse (A21235,
Invitrogen). For actin staining samples were incubated for 1h RT with
AlexaFluor™ 488 Phalloidin (1:100). Samples were then washed with
PBS and counterstained with 4',6-diamidino-2- phenylindole (DAPI)
(1:10 000 in PBS) for 10 min at RT. Samples were imaged using a
confocal laser scanning microscopy (Leica SP8). Confocal Z-stack pro-
jections were acquired and processed with Fiji-ImagelJ.

4.3.7. Quantification of Col-Il, MMP13 and Col-X proteins

Following the staining of the 3D engineered constructs with Col-II,
MMP13 and Col-X, as described above, confocal z-stack projections of
a single patterns within the channels were acquired. To calculate the
intensity of the signal within the chondrocyte pattern, at first, each
pattern’s size was manually determined to guarantee the proper stained
area and prevent the entire image from being used as an area setting.
Later, using the measure command of the Fiji, integrated density
(IntDen) was calculated the full z-stack image. Measured IntDen then
was divided to defined and measured pattern area to obtain Intensity/
Area measurements.

4.3.8. Quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) analysis

Prior RNA extraction, 3D engineered constructs (3-5 chips per con-
dition) were incubated with 2 mg/mL collagenase B (#11088831001,
Roche) for 30 min at 37 °C. Cells were collected from the microfluidic
chips into an RNAse-free tube and centrifuged for 5 min at 300g. NR
buffer containing 1 % of p-mercaptoethanol was added to the cell pellet.
Samples were stored at —20 °C for later extraction. Total RNA was
extracted using the NZY Total RNA Isolation Kit (MB13402, NZYtech)
according to the manufacturer’s protocol. RNA final concentration and
purity (0OD260/280) were determined using a NanoDrop 2000 instru-
ment (NanoDrop Technologies). RNA was reverse transcribed into cDNA
using the NZY First-Strand cDNA Synthesis Kit (NZYTech), according to
the manufacturer’s protocol. For the analysis of repulsive cues, a
personalized PrimePCR array (Bio-Rad Laboratories) was performed.
qRT-PCR experiments were run using the PCR CFX384 thermal cycler
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(Bio-Rad Laboratories) and analyzed with the CFX manager software
(Bio-Rad Laboratories). Target gene expression was quantified using the
cycle threshold (Ct) values and relative mRNA expression levels were
calculated as follows: 2°(Ct reference gene — Ct target gene). Human
actin p was used as a reference gene. Both target and reference genes
were amplified with efficiencies between 100 % =+ 5 %.

4.3.9. Axonal outgrowth

DRG were fixed and stained with beta-III tubulin as described above.
Images were acquired with confocal laser scanning microscopy (Leica
SP8). Axonal outgrowth of DRG was quantified using Outgrowth Ana-
lytics (MATLAB) for the DRG cultured on 5 and 10 % GelMA for 4 days;
and using AxoFluidic for the microfluidic culture as previously described
[59].

4.4. Quantitative monitoring of engineered microtissue in the microfluidic
platform

4.4.1. Fabrication of Elichip™ LoCs

18 reaction chamber LoCs and the reading LoCs were fabricated by
computer numerical control (CNC) milling in poly methyl methacrylate
(PMMA) and thermally bonded. Reaction LoCs are disposable as con-
ventional ELISA plate.

4.4.2. IL-6 and NGF quantification using EliChip™

Quantification of IL-6 and NGF was performed based on the enzy-
matic immunoassay and antibody-antigen affinity. For the detection of
both IL-6 and NGF, the protocol has been settled as a sandwich ELISA
with a capture antibody (IL-6 Monoclonal Antibody (MQ2-13A5),
eBioscience; Purified anti-human NGF Antibody, 509601, Biolegend)
coated in the reaction chamber and their respective biotinylated
detection antibodies (IL-6 Monoclonal Antibody (MQ2-39C3), Biotin,
eBioscience; Biotin anti-mouse/human NGF Antibody, 509801, Bio-
legend). The target molecule is bound by the antibody pair to two
different epitopes and the biotin is bound by streptavidin conjugated
with Horseradish Peroxidase (HRP) enzyme (ThermoFisher, N200).
TMB (ThermoFisher, 34028) is used as a colorimetric substrate. 3,3',5,5'
tetramethylbenzidine (TMB) oxidizes in the presence of HRP and turns
blue directly proportional to the target molecule concentration. The
oxidation reaction is stopped by adding HCI, 1M and the optical density
is measured at 450 nm. The unknown concentration has been calculated
through linear regression on a standard calibration curve. Volume of all
the reagents and samples loaded to the reaction chamber was 20 pl. The
same protocol was used to establish the TNF-a detection protocol, using
TNF-alpha standard solution (Human TNF-a Recombinant Protein,
Invitrogen, from ThermoFisher) diluted in PBS-BSA 0.1 % dilution
buffer at different concentrations prepared before use. A monoclonal
capture antibody (TNF-a Monoclonal Antibody (MAb1), eBioscience™
from ThermoFisher) was selected to maximize the selectivity of the
antigen and improve the assay’s overall sensibility. It was used in pair
with a biotinylated monoclonal antibody (TNF-a Monoclonal Antibody
(MAb11), Biotin, eBioscience™ from ThermoFisher).

4.4.3. Statistical analysis

All experiments were repeated at least three times. In all experi-
ments, data sets were subjected to the Shapiro-Wilk test homogeneity of
variance test to assess if they followed a normal distribution. For data
following normal distribution parametric one-way ANOVA followed by
Tukey’s multiple comparisons test; or unpaired t-test was performed,
while no normal distributions were analyzed using non-parametric
Kruskal-Wallis statistic followed by Dunn’s multiple comparisons test;
or Mann-Whitney tests to assess statistically significant differences.
Differences between groups were considered statistically significant
when *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data
analysis was performed using GraphPad Prism software (10.1.1 (270).
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