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Abstract

Cartilage tissue engineering requires biomaterials that can effectively maintain the tissue-

specific functions of chondrocytes to enable the restoration of cartilage structure and function.
Decellularised extracellular matrix (dECM)-derived hydrogels serve as tissue-specific biomaterials
capable of preserving native biochemical cues and maintaining physiological chondrocyte phen-
otype in three-dimensional culture. However, their sol-gel transition relies heavily on collagen
fibrillogenesis, a slow and poorly controllable process that limits mechanical tunability and suf-
fers from inter-batch variability. Therefore, further efforts are required to functionalise cartilage
dECM to achieve reproducible and controllable physicochemical properties. Here, we present a
light-activated cartilage dECM hydrogel system based on ruthenium/sodium persulfate (Ru/SPS)-
mediated dityrosine crosslinking, enabling rapid hydrogel formation under visible light irradiation
while providing tunable mechanical properties and improved biological functionality. Comparison
of the decellularisation protocols indicated that Triton X-100 combined with ammonium hydrox-
ide efficiently eliminated residual DNA while preserving a substantial proportion of the native car-
tilage proteome. Pepsin-solubilised cartilage dECM hydrogels formed via dityrosine-based photo-
crosslinking exhibited rapid gelation behaviour and superior mechanical characteristics compared
to conventional thermally gelled dECM. The photo-crosslinked dECM hydrogels were cytocom-
patible, supported human bone marrow-derived mesenchymal stem cells (hBMSCs), and favoured
cartilage-specific phenotypes, as demonstrated by the upregulation of chondrogenic genes, includ-
ing COL2A1 and ACAN, compared with gelatin methacrylate (GelMA) hydrogels. Importantly,
this photo-crosslinking strategy overcomes the incompatibility between oxygen-sensitive redox-
based photochemistry and hypoxic culture conditions, enabling the incorporation of oxygen-
scavenging microcapsules to establish low-oxygen microenvironments. Under hypoxia, the cartil-
age dECM hydrogels promoted a more articular-like phenotype in hBMSC-derived chondrocytes,
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with transcriptomic features associated with TGF-3/SMAD2/3 and IGF-1/2-IGF-1R signalling.
Collectively, these findings establish photo-crosslinked cartilage dECM hydrogels as a
biomaterial platform with tunable mechanical properties and favourable biological functionality
for cartilage tissue bioengineering and biomimetic in vitro cartilage models.

1. Introduction

Decellularised extracellular matrix (dECM) is a class
of biomaterials derived from multiple tissue types
and hence preserves native biochemical cues capable
of maintaining tissue-specific cell function in three-
dimensional (3D) in vitro cultures [1, 2]. For car-
tilage tissue engineering applications, dECM-derived
hydrogels have demonstrated improved capacity to
sustain chondrogenic phenotype relative to widely
used matrices such as gelatin methacrylate (GelMA)
[3]. Conventionally, cartilage dECM hydrogels are
produced by tissue decellularisation followed by
enzymatic solubilisation and collagen fibrillogenesis
[4]. However, due to the difficulty in controlling
fibrillogenesis-based crosslinking and the sensitiv-
ity of fibril architecture and mechanical proper-
ties to processing conditions, dECM hydrogels often
exhibit variability in hydrogel formation and mater-
ial properties, together with limited mechanical stift-
ness, which may compromise their ability to support
chondrogenic differentiation [5-7]. Therefore, new
strategies are required to better control dECM hydro-
gel properties while preserving biological activity.

Functionalisation of cartilage-derived dECM is
required to achieve reproducible and tunable physico-
chemical properties while preserving native biological
fidelity. To address these limitations, physical rein-
forcement strategies (e.g. support baths, sacrificial
hydrogels, nanofibres) and chemical modifications
(e.g. genipin crosslinking, methacrylation, polymer
blending) have been explored to address these limita-
tions, but they often introduce additional processing
complexity or require prior matrix modification,
which may compromise native dECM features [6, 8—
11]. Photo-crosslinking is widely adopted due to its
rapid, spatiotemporally controllable gelation, com-
patibility with cell-laden biofabrication, and ability to
decouple processing from bulk chemistry under mild,
aqueous conditions. The ruthenium (Ru)/sodium
persulfate (SPS) visible-light photoinitiator system
has gained considerable attention due to its ability
to avoid ultraviolet (UV)-associated DNA damage,
achieve efficient polymerisation at low initiator con-
centrations, permit deeper light penetration for uni-
form crosslinking of bulky constructs, and improve
glycosaminoglycan (GAG) deposition and rediffer-
entiation in chondrocyte-laden constructs relative to
lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate
(LAP)-based crosslinking [12—14].

In cartilage tissue engineering, oxygen control is
particularly important because physiological hypoxia

(2%-5% O,) plays a key role in maintaining chon-
drocyte phenotype and promoting chondrogenic
differentiation [15, 16]. This consideration becomes
especially relevant when oxygen-regulating compon-
ents are incorporated into photo-crosslinkable hydro-
gel systems, as localised oxygen depletion may influ-
ence crosslinking performance and network stability
[17-19]. Thus, despite advances in dECM hydrogel
design, there remains a need for alternative photo-
crosslinking strategies that enable rapid, robust, and
tunable gelation under hypoxic conditions while pre-
serving native ECM bioactivity. Addressing this gap
requires hydrogel platforms that integrate mechan-
ical tunability with regulation of the local oxygen
microenvironment.

Here, we present a strategy that reconciles photo-
crosslinking requirements with physiologically rel-
evant oxygen tensions using a tyrosine-dependent
Ru/SPS system, a visible-light-activated crosslinking
chemistry that exploits endogenous tyrosine residues
to form covalent protein—protein networks without
chemical modification of dECM [12, 13, 20]. This
system enables rapid gelation and tunable mechan-
ical stiffness via photoinitiator concentration, making
it well-suited for cartilage dECM. We further demon-
strate compatibility with a microencapsulated glucose
oxidase/catalase oxygen-scavenging system to estab-
lish controllable, localised hypoxic niches within the
Ru/SPS cartilage dECM hydrogels [21]. To minimise
biochemical variability affecting photo-crosslinking
efficiency, bovine cartilage decellularisation was
optimised through integrated biochemical, mechan-
ical, and proteomic analyses to ensure consistent pre-
servation of ECM components required for dityrosine
bond formation. The resulting solubilised dECM
was formulated into biomimetic 3D constructs using
Ru/SPS photo-crosslinking, yielding bioactive hydro-
gels with tunable mechanics, improved handling,
and scalability for high-throughput applications.
Importantly, the combination of photo-crosslinked
dECM and localised physiological hypoxia signi-
ficantly enhances chondrogenic differentiation of
human bone marrow-derived mesenchymal stem
cells (hBMSCs) in 3D culture.

2. Materials and methods

2.1. Materials

Phosphate-buffered  saline (PBS), penicillin-
streptomycin (PS), amphotericin B, and low- and
high-glucose Dulbecco’s modified Eagle medium
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(DMEM) were purchased from Gibco (USA). TRIzol
reagent and 4’,6-diamidino-2-phenylindole (DAPI)
were purchased from Invitrogen (USA). Sodium
dodecyl sulphate (SDS), ammonium hydroxide
(NH4OH), paraformaldehyde (PFA), hexamethyl-
disilane (HMDS), Safranin O solution, chondroitin
sulphate, bovine serum albumin (BSA), and pep-
sin were purchased from Sigma-Aldrich (Australia).
Triton X-100, Tris, Entellan New Mounting Medium,
tris(2,2'-bipyridyl) dichlororuthenium (II) hexahy-
drate (Ru), and sodium persulfate (SPS) were
purchased from Merck (Australia). Tissue-Tek
O.C.T. Compound was purchased from Sakura
Finetek (USA). Hematoxylin and eosin (H&E)
were purchased from HD Scientific (Australia),
and Picrosirius red was purchased from Abcam
(Australia). Red blood cell (RBC) lysis buffer
was purchased from Fisher Scientific (Germany).
Dithiothreitol (DTT), iodoacetamide (IAA), meth-
anol, trypsin, ammonium bicarbonate (ABC) diges-
tion buffer (pH 8.0), Lys-C, acetonitrile, formic acid,
hydrochloric acid (HCI), sodium hydroxide (NaOH),
Calcein AM, propidium iodide (PI), PrestoBlue
reagent, the high-capacity complementary DNA
(cDNA) reverse transcription kit, and SYBR Green
PCR Master Mix were purchased from Thermo Fisher
Scientific (Australia). Gelatin methacrylate (GelMA)
was purchased from Engineering For Life (China).
The DNeasy Blood & Tissue Kit was purchased from
QIAGEN (Germany), and the Blyscan™ GAG assay
kit was purchased from Bicolor (UK).

Primary hBMSCs were isolated from donor
bone marrow collected from patients undergo-
ing knee arthroplasty (aged 73, 65, and 54 years)
under approval from the Queensland University
of Technology and St Vincent’s Private Hospital
Human Research Ethics Committees (approval num-
ber: #1400001024). All procedures involving human
participants were conducted in accordance with the
Declaration of Helsinki, and written informed con-
sent was obtained from all participants.

2.2. Decellularisation

The fresh bovine knee joint was obtained from a local
butcher (Brisbane, Australia). Articular cartilage was
dissected with scalpels, rinsed twice with PBS, and
stored at —80 °C until further use [22]. Three decellu-
larisation protocols were employed, utilising different
concentrations of SDS and a combination of Triton X-
100 and NH4OH (table 1). Among the various decel-
lularisation methods available, detergent-based pro-
tocols were selected owing to their relative procedural
simplicity and widespread adoption in the literature
[23, 24]. SDS is an ionic detergent recognised for its
ability to disrupt cell membranes and solubilise cel-
lular debris [23]. Protocols 1 and 2 differ in their
respective SDS concentrations. Triton X-100 func-
tions as a non-ionic detergent that assists decellular-
isation through the disruption of cellular membranes

3
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Table 1. Overview of the decellularisation protocols evaluated in
this study.

Protocol Protocol description
1% SDS 1% SDS (w/v) for 1 d
2% SDS 2% SDS (w/v) for 1d

1% Triton—0.1% NH,OH 1% Triton X-100 (v/v) and

0.1% NH4OH (v/v) for 2 d

[25]. In protocol 3, NH,OH was incorporated along-
side Triton X-100, a combination commonly reported
as an additive in decellularisation procedures [10].

Firstly, the cartilage tissue was embedded in
Tissue-Tek O.C.T. Compound, frozen into a block,
and then mounted onto the cryostat (Cryostar NX70,
Thermo Fisher, Waltham, USA) for sectioning. The
10 pm-thick cartilage slices were then rinsed with
distilled deionised water (DDW), weighed, and sep-
arated into three different protocols. Tissue samples
were incubated with the respective decellularisation
solutions in 50 ml Falcon tubes using appropriate
volumes. The tubes were then placed on an orbital
shaker at 4 °C, spinning at 100 rpm, and the deter-
gent solution was replaced every 12 h. After decel-
lularisation, samples were rinsed three times with
DDW and then sterilised at 4 °C in a solution of
1% PS and 2.5 ug ml~!' amphotericin B in DDW.
After sterilisation, samples underwent three addi-
tional rinses with DDW before being frozen at —80 °C
overnight and subsequently lyophilised using a freeze
dryer (CoolSafe 110—4, ScanVac, Allered, Denmark)
for 24 h. Throughout the experiment, tissue samples
(~10 mg) were preserved at —80 °C for later bio-
chemical analyses, including DNA and proteomic
quantification, as well as evaluation of structural
composition. Alternatively, samples were fixed in 4%
(w/v) PFA for histological examination or mechanical
characterisation.

2.3. H&E staining

H&E staining was employed for the visualisation of
residual nuclei. Samples were fixed in 4% PFA for
20 min, rinsed three times in PBS, and stored at 4 °C
until further processing. Cartilage slices from dif-
ferent decellularisation conditions were selected and
then subjected to H&E staining. After staining, the
slides were mounted with Entellan New Mounting
Medium and subsequently imaged at 40 x magnific-
ation using a Pannoramic Scan digital slide scanner
(3DHISTECH, Budapest, Hungary).

2.4. Safranin O staining

Safranin O staining was conducted to evaluate the
preservation of GAGs following decellularisation.
Tissue samples were fixed and stored according to the
protocol outlined in section 2.3. Slides were processed
with Safranin O solution and subsequently mounted
and imaged as described above. Quantification of the
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Safranin O-positive area was performed using Image]J
software.

2.5. DNA quantification

Double-stranded DNA (dsDNA) remaining in decel-
lularised cartilage samples was extracted with the
DNeasy Blood & Tissue Kit according to the manufac-
turer’s protocol and subsequently quantified using a
NanoDrop One spectrophotometer (Thermo Fisher
Scientific, Waltham, USA).

2.6. GAG quantification

GAG content in papain-digested cartilage samples
was measured using a Blyscan™ GAG assay kit follow-
ing the manufacturer’s instructions [26]. Absorbance
of the digested samples was measured at 656 nm using
a microplate reader (CLARIOstar, BMG Labtech,
Ortenberg, Germany). GAG concentrations were
analysed based on a standard curve generated using
chondroitin sulphate prepared in sodium phosphate
buffer over a range of 0-100 g ml~L.

2.7. DAPI staining

DAPI staining was performed to visualise residual
nuclear material. Cartilage tissues were fixed and
stored as described in section 2.3. Cartilage slides were
stained with DAPI following the manufacturer’s pro-
tocol. Fluorescence imaging was conducted using a
20x objective on a Leica TCS SP5 microscope (Leica
Microsystems, Wetzlar, Germany).

2.8. Picrosirius red staining

To observe the collagen structure, we used picrosirius
red staining combined with polarised light micro-
scopy (PLM). Tissues were fixed and stored as pre-
viously described. Slides were imaged under PLM
using a 10x objective (Olympus PLM slide scanner,
Olympus, Tokyo, Japan).

2.9. Fourier transform infrared spectroscopy
(FTIR) and spectral analysis

FTIR analysis was performed to characterise the bio-
chemical composition of the samples. Tissues were
first ground into a fine powder, and spectra were
recorded using a Nicolet FTIR spectrometer (Thermo
Electron Corp., Waltham, USA) equipped with a dia-
mond attenuated total reflectance accessory. For each
measurement, spectra were collected by averaging 64
scans over a wavenumber range of 4000525 cm™!

with a resolution of 4 cm ™.

2.10. Nanoindentation

The mechanical stiffness of cartilage tissues in
an aqueous environment was assessed using
nanoindentation [27]. Samples were prepared as
described previously. Measurements were performed
using a TI 950 TriboIndenter (Hysitron, Billerica,
USA) equipped with a spherical indenter, with the

L Lietal

samples submerged in PBS. Before testing, the instru-
ment was calibrated using standard fused quartz
and aluminium specimens. Experimental conditions
included a preload of 1 uN, a peak load of 30 uN,
and a loading time of 3 s. The elastic modulus, rep-
resenting cartilage stiffness, was calculated from the
unloading segment of the load—displacement curve
using the Oliver—Pharr method [28]. In this con-
text, a higher modulus reflects increased stiffness of
the cartilage matrix. The reduced modulus (E;) was
determined using the standard equations and rep-
resents the effective elastic modulus of the cartilage
tissue while accounting for elastic deformation of
both the specimen and the indenter, as indicated in
equation (1) [27],

1 (1-+) (1-+)
ET I + E (1)

E and v are the Young’s modulus and Poisson’s ratio
of the tested sample, respectively. E; and v; represent
the elastic modulus and Poisson’s ratio of the indenter
tip, respectively (E; = 1440 GPa, v; = 0.07) [29].

2.11. Scanning electron microscopy (SEM)

Samples were initially fixed in 4% PFA for 20 min,
washed three times with PBS, and stored at 4 °C.
The sections were subsequently dehydrated using
a stepwise ethanol gradient (20%-100%). This
was followed by further dehydration using HMDS.
Subsequently, the samples were sputter-coated with
gold to enhance conductivity. Finally, the prepared
samples were imaged using a Tescan Mira 3 SEM
(Tescan, Brno, Czech Republic).

2.12. Proteomics analysis

The lyophilised cartilage samples were weighed and
ground into a fine powder for proteomic analysis.
Our procedure for proteolytic digestion follows the
established method provided by the S-Trap™ micro
spin column digestion protocol [30]. In brief, for pro-
tein handling, the S-Trap™ Micro was used, which
accommodates 50—100 ug of protein. Cartilage tis-
sues were first lysed using SDS lysis buffer (10% SDS,
100 mM Tris), with 25 ul of buffer added to 25 ug of
sample. Subsequently, 25 ul of the lysate was trans-
ferred to a fresh tube containing 4 ul DTT (500 mM
in water), resulting in a final DTT concentration of
20 mM. The mixture was incubated at 70 °C for
60 min and then allowed to cool to room temperat-
ure. Cysteine was alkylated by adding 8 ul IAA for a
final concentration of 40 mM, followed by a 30 min
incubation in the dark. If DNA was present, it was
sheared through sonication. To the lysate in 25 ul
SDS buffer, 2.5 pl 12% phosphoric acid was added,
followed by mixing with 165 pl of S-Trap binding
buffer (90% aqueous methanol, 100 mM Tris). The
sample was clarified by centrifugation for 8 min at
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13 000 g if needed. The entire sample was trans-
ferred to the spin column, ensuring it did not over-
flow, and centrifuged at 4000 g for 1 min, repeating as
necessary. The column was washed three times with
150 pl S-Trap binding buffer, with the flow-through
discarded each time. The S-Trap was transferred to
a new collection tube. Trypsin was added at 1 pug or
a 1:50-1:100 ratio (w/w) in 50 ul of 50 mM diges-
tion buffer (ABC, pH 8.0) to the protein trap, avoid-
ing air bubbles. Optionally, 0.5 ;g Lys-C was added,
followed by trypsin in staggered doses. The loosely
capped spin column was incubated in a closed bag
with moist tissue either at 47 °C for 1 h or overnight at
37 °C without shaking. Peptides were eluted sequen-
tially with 40 ul of 5%, 50%, and 75% acetonitrile in
0.1% formic acid, collecting all eluents in the same
tube. The top 100 ul was transferred into a plastic
insert, dried in a speed-vac centrifuge, then resuspen-
ded in 20 pl buffer A. The peptides obtained were ana-
lysed by nano ultra-high-performance liquid chro-
matography (nano UHPLC, Ultimate 3000 RSLC,
Thermo Fisher Scientific, Waltham, USA). This sys-
tem was effectively integrated with an Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher
Scientific, Waltham, USA). Peptides were separated
using a nanoFase M/Z Peptide CSH Cl18 column
(130 A, 1.7 pum, 300 m x 100 mm; Waters, Milford,
USA), which provides high precision and efficient
peptide separation for subsequent characterisation.

2.13. LC-MS/MS data analysis

Protein abundance values from all replicates were
processed using the MetaboAnalyst 5.0 online plat-
form, following previously reported procedures [31,
32]. Log,-transformed and normalised datasets were
used for principal component analysis, focusing on
the first three principal components. Heatmaps were
constructed based on normalised protein intens-
ities and clustered using Ward’s linkage method,
while hierarchical clustering with Euclidean distance
determined the ordering of rows and columns. Fold
changes in protein abundance between experimental
groups were calculated using log, transformation.
Differentially expressed proteins (DEPs) were defined
using thresholds of |log, fold change (FC)| > 0.5 and
p < 0.05. These proteins were subsequently analysed
using Ingenuity Pathway Analysis (IPA) to identify
significantly altered canonical signalling pathways
and upstream regulators [32, 33]. Dysregulated path-
ways were determined using a Z-score cutoff of +1.50
with p < 0.05.

2.14. dECM solubilisation

For dECM digestion, lyophilised cartilage tissues were
subjected to 0.1 M HCl at a 30 mg ml~! concentra-
tion, with pepsin added at 1 mg ml~! [22]. The mix-
ture was stirred at 100 rpm for 48 h while maintained
at 4 °C. Subsequently, the solution was neutralised to
physiological pH using 10 M NaOH while keeping
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the temperature low. Furthermore, the neutralised
dECM solution was reconstituted into a physiologic-
ally relevant buffered system by adding 10 x PBS and
sterile deionised water and stored at 4 °C before use.

2.15. Gelation of photo-crosslinked dECM
hydrogels

For initial hydrogel formation, 1% (w/v) solubilised
dECM generated from different decellularisation pro-
tocols was blended with Ru/SPS (0.5/5 mM) and
exposed to visible light (30 mW cm™?) for 3 min
to induce crosslinking [20]. To examine mechan-
ical tunability, hydrogels were generated using differ-
ent Ru/SPS concentrations (1/10 and 2/20 mM). For
crosslinking, 30 pl of each formulation was distrib-
uted into individual wells of a 24-well plate.

2.16. Microindentation test

The mechanical properties of cell-free hydrogel
constructs were assessed using microindentation
compression testing following overnight equilib-
ration in PBS at 37 °C, as previously described
[14, 34]. Measurements were performed using a
piezoelectric actuator-driven microcompression sys-
tem (MicroSquisher, CellScale Biomaterials Testing,
Waterloo, Canada) maintained at 37 °C in a PBS bath
(pH 7.4). Before testing, the indenter approached
the hydrogel surface at a constant jogging speed of
4 um s~ '. For each measurement, a dECM hydro-
gel sample was placed on the testing platform, and
the indenter was aligned above the centre of the con-
struct. Indentation was carried out using a 1 mm zir-
conium oxide bead (ZROB05, Next Advance, Troy,
USA) attached to the end of a cantilevered steel
microbeam with a diameter of 0.4064 mm. Cyclic
compression was applied through the microbeam-
bead assembly, generating vertical loading corres-
ponding to 10% of the sample height. Each compres-
sion cycle consisted of a loading phase lasting 30 s,
followed by a 30 s recovery phase, without an inter-
mediate resting period. Three loading cycles were
performed for each hydrogel specimen. During test-
ing, the indentation force (F) and indentation depth
(6) were continuously determined from the optic-
ally measured deflection of the cantilever beam at
the indenter tip together with the piezo-controlled z-
displacement of the beam base. Changes in hydrogel
thickness during compression were monitored, and
the resulting force—displacement curves were recor-
ded. The elastic modulus (E) of the hydrogel was sub-
sequently calculated by fitting the force—indentation
depth relationship to the Hertz contact model for a
spherical indenter (equation (2)):

3(1—+*)F

E= 4 R0551.5

(2)
where R corresponds to the indenter radius, and v
represents Poisson’s ratio of the material, taken as 0.44
[35, 36].
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2.17. Swelling ratio and sol fraction

Immediately after visible-light crosslinking, the ini-
tial mass of each hydrogel (#1initia1) was measured. The
samples were subsequently frozen at —80 °C, freeze-
dried, and weighed again to obtain the initial dry
mass (Minisial dry). Following overnight equilibration
in PBS at 37 °C, the hydrogels were gently blotted
with laboratory wipes to remove excess buffer and
weighed to determine the swollen mass (#1501, ). The
samples were then lyophilised once more to obtain
the final dry mass (#1441 47 ). The swelling ratio was
calculated according to the equation shown below
(equation (3)).

Mswollen— Minitial dry

Swelling ratio (SR) = (3)

Minitial dry

The sol fraction represents the portion of polymer
chains that remain uncrosslinked within the network
and was determined using equation (4) [37]:

Minitial dry — Mfinal dry

(4)

Sol fraction = 100% x
Minitial dry

2.18. Rheology

The rheological behaviour of hydrogel precursor
solutions was examined using a compact rheometer
(MCR 302, Anton Paar, Graz, Austria) equipped with
a Peltier-controlled plate for temperature regulation
[14]. Shear rheology measurements were performed
with a cone-plate geometry (CP25-1; 25 mm dia-
meter, 1° cone angle, and a fixed gap of 0.05 mm). A
solvent trap was not required because no sample dry-
ing occurred during testing, as verified beforehand.
After positioning the measuring geometry and trim-
ming the sample, a stabilisation period of 2 min was
allowed to ensure mechanical and thermal equilib-
rium before data acquisition. Experiments were con-
ducted under an H-ETD400 hood with the airflow
switched off to minimise evaporation and maintain
constant temperature conditions. Shear rate sweeps
ranging from 0.1 to 1000 s—! were applied to evalu-
ate shear-thinning behaviour and viscosity. The rhe-
ological response of the hydrogel precursor solutions
was further analysed by fitting the power-law model
to the linear region of the shear rate-viscosity curves
(equation (5)) [14].

n=Ky""! (5)

In this equation, 7 represents viscosity, 7 denotes the
shear rate, and K and n correspond to the shear-
thinning coefficients.

2.19. Isolation and culture of hBMSCs
hBMSCs were isolated following a previously estab-
lished protocol [38]. Bone marrow cell clusters were
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washed three times with PBS, finely minced, and
incubated in RBC lysis buffer for 10 min at room
temperature before centrifugation. The resulting cell
pellet was resuspended in low-glucose DMEM sup-
plemented with 10% FBS and 1% PS [39]. Cells
were maintained in a humidified incubator at 37 °C
with 5% CO: and passaged three times (P1-P3) once
approximately 80% confluence was reached.

2.20. Cell encapsulation

hBMSCs were suspended in 1% cartilage dECM solu-
tion at a final density of 1 x 10° cells ml~!. Aliquots
of 30 ul of the hydrogel precursor mixture contain-
ing Ru/SPS were dispensed into individual wells of a
24-well plate and crosslinked as described previously.
The resulting cell-laden constructs were cultured in
500 pl DMEM supplemented with 10% FBS and 1%
PS in a humidified incubator at 37 °C with 5% COs,
with medium replaced every two days.

2.21. Live/dead cell viability staining

Cell viability within the hydrogel constructs was
assessed on days 1 and 7, using 1 pug ml~! Calcein
AM and PL. Briefly, cell-laden hydrogels were rinsed
three times with PBS and incubated with the stain-
ing solution at 37 °C for 5 min. After staining, the
constructs were washed three additional times with
PBS and imaged using a fluorescent Zeiss micro-
scope (Axio Imager M2, Carl Zeiss, Jena, Germany).
Z-stack images were acquired with a step size of
10 pm over a total depth of 200 um for each sample.
Cell viability was quantified in Image] by separat-
ing the red and green fluorescence channels, apply-
ing threshold-based masks, and counting the corres-
ponding particles. Viability was expressed as the per-
centage of live cells relative to the total number of
cells.

2.22. PrestoBlue metabolic assay

Cellular metabolic activity was evaluated using the
PrestoBlue assay. Following removal of the culture
medium, each hydrogel was incubated with 500 pl
of PrestoBlue reagent diluted 1:10 in pre-warmed
medium at 37 °C for 2 h. After incubation, 100 ul
of the resulting supernatant was collected and added
in duplicate to a 96-well plate. Fluorescence intensity
was measured using a CLARIOstar microplate reader
(BMG Labtech, Ortenberg, Germany) with excitation
at 540 nm and emission at 590 nm.

2.23. Chondrogenic differentiation

Passage 3 hBMSCs were harvested and suspended
in dECM precursor solution containing Ru/SPS
(0.5/5 mM) at a final density of 5 x 10° cells ml~1.
Aliquots of 30 pl of the hydrogel precursor mix-
ture were dispensed into individual wells of a 24-well
plate and crosslinked as described in section 2.15.
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The resulting cell-laden constructs were cultured in
chondrogenic medium consisting of high-glucose
DMEM supplemented with 10 ng ml~' TGF-
£33, 100 nM dexamethasone, 50 pg ml~! ascorbic
acid 2-phosphate, 100 pg ml™!' sodium pyruvate,
40 pg ml™! proline, and ITS-plus (final concentra-
tions: 6.25 g ml~! insulin, 6.25 g ml™! transferrin,
6.25 ng ml~! selenious acid, 5.33 pug ml™! linoleic
acid, and 1.25 mg ml~! bovine serum albumin) [40].
Chondrogenic medium was replaced every two days.
A 10% (w/v) GelMA was dissolved in PBS, mixed
with hBMSCs at the same density, and subsequently
crosslinked as described above.

2.24. Gene expression

Cell-laden hydrogels were rinsed three times with
PBS and lysed with 1 ml TRIzol reagent for total
RNA extraction according to the previously described
protocol [41]. cDNA was generated using the High-
Capacity cDNA Reverse Transcription Kit. Gene
expression was then analysed using SYBR™ Green
PCR Master Mix on a QuantStudio Real-Time PCR
system (QuantStudio 6 Flex, Applied Biosystems,
Waltham, USA). Primer sequences used for gqRT-PCR
are provided (supplementary table S1).

2.25. Fluorescence imaging

hBMSC-laden hydrogels were fixed in 4% PFA for 1 h
and subsequently stored in PBS at 4 °C. The gels were
then blocked overnight at 4 °C in blocking solution
containing 5% (w/v) BSA and 0.1% (v/v) Triton X-
100 in PBS [5]. Afterwards, samples were incubated
with the primary antibody diluted in staining buffer
(2% BSA in PBS, w/v) overnight at 4 °C, followed
by three washes of 2 h each in the same buffer. The
gels were subsequently incubated overnight at 4 °C
with the secondary antibody, and DAPI was prepared
in staining buffer. After three additional 2 h washes
in staining buffer and a final PBS rinse, the samples
were stored in PBS and imaged using an Evident
FV4000 confocal microscope (Evident, Tokyo, Japan)
equipped with a 20 x objective. Details of the antibod-
ies were listed in supplementary tables S2 and S3.

2.26. Image quantification

Z-stack images were converted into maximum-
intensity projections using ImageJ. HIF-1c activa-
tion was then quantified by measuring fluorescence
intensity normalised to DAPI, following previously
established methods [42]. Image analysis parameters
were defined using a particle size range of 50 um to
infinity and a circularity threshold of 0.3-1.

2.27. Oxygen-scavenging capsules seeding

Oxygen-scavenging capsules were supplied by collab-
orators and prepared as previously described [21].
In brief, the capsules consisted of semi-permeable,
dopamine-coated structures encapsulating glucose
oxidase (1000 U ml~!) and catalase (60 000 U ml™!).
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The stock suspension was provided in PBS at
500 mg ml~! and subsequently diluted to final
concentrations of 5-20 mg ml~! in the hydrogel
formulations.

2.28. Oxygen concentration measurements

Oxygen levels within the hydrogels were quantified as
percentage air saturation using a PreSens oxygen pro-
filing microsensor (PM-PSt7-02-L2.5-TS-NB40/0.8-
NOP, PreSens GmbH, Regensburg, Germany) [16].
The microsensor was calibrated before use according
to the manufacturer’s instructions. All measurements
were conducted at 37 °C under 5% CO: to match
standard cell culture conditions. Before each reading,
the sensor was held in position for 30 s to allow signal
stabilisation. Measurements were collected on days 1
and 7.

2.29. RNA sequencing

Total RNA from the hBMSCs was extracted using
TRIzol reagent, following the previously described
protocol [41]. Small RNA ¢DNA libraries were gen-
erated using M-MLV Reverse Transcriptase (M 1705,
Promega, Madison, USA) and subjected to 50-
nt single-end sequencing on the HiSeq 2500 plat-
form (Illumina, San Diego, USA) [16]. Raw FASTQ
files were processed with nf-core/smrnaseq (v3.18.0)
[43] to generate miRNA counts against miRBase
v22.1 [44]. Differential expression was analysed using
DESeq2 with median-of-ratios normalisation [45],
and significant miRNAs were defined as those with
a false discovery rate (FDR) < 0.05 and [log,
FC| > 1 [46]. Functional enrichment analysis was
carried out with clusterProfiler [47], including Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
ways as well as gene ontology (GO) terms covering
biological process, molecular function, and cellular
component (CC), and gene set enrichment analysis
(GSEA) v4.4.0 was used to test enrichment against
MSigDB Hallmark pathways using log, fold-change-
ranked genes [48].

2.30. Statistical analysis

Statistical analyses were performed using GraphPad
Prism v10. Data were obtained from at least three
independent experiments and are presented as
mean =+ standard deviation (S.D.). Comparisons
between two groups were conducted using Student’s
t-test with Welch’s correction. For comparisons
involving three or more groups, one-way ANOVA
followed by Tukey’s multiple-comparisons test was
applied unless otherwise specified. Data normal-
ity was evaluated using the Shapiro—Wilk test, and
grouped datasets were analysed by two-way ANOVA
with Tukey’s correction. Statistical significance was
defined as p < 0.05, with p < 0.05, p < 0.01, p < 0.001,
and p < 0.0001 indicated as *, **, ***, and ****,
respectively.
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3. Results

3.1. Detergent-mediated decellularisation
strategies for bovine cartilage

Cartilage dECM suitable for further processing was
generated through a stepwise decellularisation pro-
tocol involving detergent extraction, cryosectioning,
lyophilisation, and enzymatic digestion (figure 1(a)).
Hydrogel formation was qualitatively assessed using
an inversion test following temperature-induced gela-
tion, and the formed hydrogel appeared relatively
clear under the present preparation conditions. Three
decellularisation conditions were compared: 1% SDS,
2% SDS, and 1% Triton—0.1% NH,OH. H&E staining
revealed dense cellularity and well-preserved lacunar
structure in native cartilage. In contrast, all decel-
lularisation groups showed near-complete nuclear
removal (figure 1(b)). SDS-based treatments pro-
duced more extensive matrix expansion and fibre
loosening, particularly under 2% SDS, indicative of
marked detergent-mediated ECM disruption [49].
The 1% Triton—0.1% NH4;OH protocol yielded the
most uniform ECM preservation, with minimal
structural distortion observed across both magnific-
ations. Further confirmation of removal in decel-
lularised tissues was obtained via DAPI staining
(supplementary figure S1). GAGs, primarily chon-
droitin and keratan sulphate, are major compon-
ents of aggrecan in articular cartilage [50]. Safranin-
O staining showed the expected intense signal for
GAGs in native tissue (figure 1(c)). Treatment with
1% or 2% SDS resulted in a pronounced GAGs deple-
tion, reflected by reduced staining intensity and het-
erogeneous surface loss. Semi-quantification of the
Safranin-O-positive area further confirmed reduced
GAGs retention in the SDS-treated groups, while the
1% Triton—0.1% NH4OH group remained compar-
able to native tissue (figure 1(d)). Notably, the 1%
Triton-0.1% NH,OH group retained substantially
more Safranin-O signal, indicating superior preser-
vation of sulphated GAGs compared to SDS groups.
Quantitative DNA analysis confirmed the histolo-
gical findings (figure 1(e)). Native cartilage contained
high DNA levels, whereas all decellularised samples
showed significant reductions (p < 0.0001). SDS-
based protocols achieved the most complete removal,
approaching near-background levels. The 1% Triton—
0.1% NH;OH method also significantly reduced
DNA content relative to native tissue, although resid-
ual amounts were slightly higher than in SDS-treated
groups. All decellularisation methods achieved signi-
ficant dsDNA removal (85%—-95%) compared with
native tissue, consistent with previous reports and
critical for minimising the immunogenicity associ-
ated with residual DNA [23]. GAG quantification
revealed a marked reduction following SDS treatment
(figure 1(f)). Both the 1% SDS and 2% SDS groups
exhibited significantly lower GAG content compared
with native cartilage (p < 0.0001). In contrast, the
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1% Triton—-0.1% NH4;OH method preserved GAGs
at levels not significantly different from native tissue,
aligning with the Safranin-O staining patterns and
supporting the conclusion that milder decellularisa-
tion conditions result in superior ECM retention.
The biochemical composition and mechanical
environment provided by cartilage ECM are import-
ant determinants of cellular responses [51, 52].
Picrosirius red staining under PLM was employed to
visualise the collagen network after decellularisation.
Tissues treated with 1% Triton—0.1% NH,OH exhib-
ited green birefringence, resembling native cartilage
tissue (supplementary figure S2(a)) [53]. In contrast,
SDS-treated tissues showed predominant yellow-red
birefringence, likely due to SDS-induced disruption
of collagen’s macromolecular structure [23, 49, 54].
SEM analysis showed that the overall microfibril-
lar architecture of the collagen network remained
relatively intact across all conditions (supplement-
ary figure S2(b)). Taken together, this discrepancy
likely arises because PLM detects subtle SDS-induced
changes in collagen molecular structure and birefrin-
gence that do not translate into obvious alterations
of fibrillar morphology by SEM [55]. Biochemical
composition was assessed by FTIR, with collagen
and proteoglycan distributions inferred from the
amide I (1720-1590 cm™!) and carbohydrate (1140
985 cm~!) peaks, respectively (supplementary figure
S2(c)) [56]. Spectra from 1% Triton—0.1% NH,OH—
treated samples closely resembled native cartilage
with preserved collagen and proteoglycan, whereas
SDS-treated tissues showed reduced absorbance (sup-
plementary figure S2(c)), consistent with decreased
GAG content (figure 1(f)). Furthermore, nanoindent-
ation testing (supplementary figure S2(d)) revealed
no significant differences in mechanical properties
between native cartilage and any of the dECM tis-
sues. Overall, 1% Triton—0.1% NH,OH demon-
strated superior preservation of ECM components.

3.2. Protein identification and functional
enrichment of decellularised cartilage tissue

The protein composition of the dECMs was ana-
lysed by mass spectrometry and compared with nat-
ive bovine cartilage [23]. Pairwise comparison identi-
fied 407, 507, and 411 DEPs in the 1% SDS, 2% SDS,
and 1% Triton-0.1% NH4;OH conditions, respect-
ively (Jlogy FC| > 0.5 and p < 0.05) (figure 2(a)).
Notably, the 1% Triton—0.1% NH,OH-treated dECM
exhibited the highest number of upregulated pro-
teins (188) and the fewest downregulated proteins
(212), indicating better preservation of the native pro-
teome than the SDS-based methods (figure 2(a)). The
proportion of matrisome and non-matrisome DEPs
under each decellularisation condition was determ-
ined by comparison to the matrisome database of
ECM and ECM-associated proteins [57] (figure 2(b)).
Among all groups, the 1% Triton—-0.1% NH,OH-
treated dECM demonstrated the highest matrisome
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Figure 1. Decellularisation of bovine cartilage. (a) Schematic overview of the decellularisation process. (b) Hematoxylin and
eosin (H&E) staining of native and decellularised cartilage for different detergent conditions. The insets in the upper panels are
shown at higher magnification in the lower panels. Scale bar = 100 pm. (c) Safranin O staining of native and decellularised car-
tilage. Scale bar = 100 pm. (d) Semi-quantification analysis of Safranin-O-positive area (%). () DNA content of bovine cartilage
throughout the decellularisation process, normalised to dry weight. (f) Glycosaminoglycan (GAG) content in native and decel-
lularised bovine cartilage, normalised to dry weight. Representative images are shown in (b) and (c), with one representative
image shown for each group (n = 3 bovine cartilage samples). Data in (d) are presented as mean =+ S.D. (n = 3 bovine cartil-

age samples per group, with 3 technical replicates per sample). Data in (e) and (f) are presented as mean £ S.D. (n = 3 bovine

content (23%) and the most significant proportion
of upregulated matrisome proteins (66%), compared
with 17% and 20% for 1% SDS and 18% and 45%
for 2% SDS (figure 2(b)). The predominant matri-
some components identified in all dECMs are core
matrisome proteins, including ECM glycoproteins,
proteoglycans, and collagens, which are essential for

maintaining the mechanical properties and regulating
[58]. Notably, 1% Triton—0.1% NH,OH treatment
resulted in the highest upregulation of ECM gly-
coproteins (67%) and proteoglycans (50%), com-
pared with 37% and 7% for 1% SDS and 26% and
0% for 2% SDS conditions (figure 2(c)). Collagen
remained comparable across groups at 11%, 8%, and
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Figure 2. Proteomic analysis of decellularised extracellular matrix (lECM) generated from each decellularisation condition relat-
ive to native bovine cartilage. (a) Number of differentially expressed proteins (DEPs) upregulated and downregulated in different
decellularised cartilage dECMs compared to the native cartilage. (b) Matrisome and non-matrisome proteins in dECM:s relative
to the native cartilage. (c) Subtypes of matrisome proteins in dECMs compared to native cartilage. (d) Volcano plot depicting
the total protein expression in dECMs relative to that in native cartilage. Red dots indicate significantly upregulated proteins, and
blue dots indicate significantly downregulated proteins (|log, fold change (FC)| > 0.5 and p < 0.05). (e), (f) Heatmaps showing
the log, ratio for chondrocyte proliferation-related proteins (e) and articular chondrogenic differentiation-related proteins (f) in
each group relative to native cartilage. All data were obtained from # = 3 bovine cartilage samples per group.
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11% for 1% SDS, 2% SDS, and 1% Triton—0.1%
NH,4OH, respectively (figure 2(c)).

We next compared the protein profiles between
native cartilage and each dECM using the volcano
plot ([log: EC| > 0.5, p < 0.05), highlighting the top
20 DEPs (figure 2(d)). In the 1% SDS and 2% SDS
groups, 17 and 18 proteins were upregulated, respect-
ively, mainly non-matrisome proteins [59], with only
3 and 2 proteins downregulated, including the mat-
risome proteins CHAD and NID2 (figure 2(d)). In
contrast, the 1% Triton—0.1% NH,OH-treated dECM
showed more extensive downregulation, largely of
non-matrisome proteins, suggesting more efficient
removal of cellular and immune-related proteins
while relatively preserving structural matrix compon-
ents (figure 2(d)).

To further assess whether decellularisation altered
proteins regulating cell proliferation and chondro-
genic differentiation, we queried the NCBI Gene data-
base and literature to compile a curated list (sup-
plementary table S4) of proteins linked to chon-
drocyte proliferation and articular chondrogenic
differentiation [60-70] and to map those onto our
dECM proteomic data. This analysis showed that
the 1% Triton-0.1% NH,;OH-treated dECM was
enriched in proteins promoting chondrocyte prolif-
eration (e.g. TGF-31, COMP, FN, DCN, PRG4) and
chondrogenic differentiation (e.g. COL2A1, ACAN,
PRG4, TGF-£1) (figures 2(e) and (f)). Building upon
these findings, pathway enrichment and upstream
regulator analyses were also performed to elucid-
ate the molecular mechanisms underlying the dif-
ferential protein expression among the decellular-
isation conditions. Analysis of the top 20 canonical
pathways revealed that proteins involved in cell sur-
vival, proliferation, and differentiation were consist-
ently higher in the 1% Triton-0.1% NH,OH-treated
dECM than in either SDS-treated group, particularly
extracellular matrix organisation and interleukin-4
(IL-4) signalling, both critical for chondroprotection
and tissue regeneration (supplementary figure S3)
[60-62]. Upstream regulator analysis further con-
firmed that the 1% Triton—-0.1% NH,OH-treated
dECM enriched proliferation-related proteins (TGF-
51, TGF-33,IGF-1, DCN) and differentiation-related
proteins (TGF-51, TGF-33, TGF-SR1, SOX9) (sup-
plementary figures S4(a) and (b)). Overall, these
data suggest that this decellularisation protocol effi-
ciently removes nuclear material while preserving
native proteins that support chondrocyte prolifer-
ation and chondrogenic differentiation toward an
articular phenotype.

3.3. Formation and characterisation of cartilage
dECM hydrogels and biocompatibility assessment
Cartilage-derived dECM from all experimental con-
ditions was solubilised by pepsin digestion in 0.1 M
HCI for 48 h to prepare the prepolymer solution for
visible-light-induced crosslinking using the Ru/SPS
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system (figure 3(a)). Upon visible-light exposure
(400-450 nm), Ru/SPS generates tyrosyl radicals that
form covalent dityrosine bonds between adjacent tyr-
osine residues, establishing the hydrogel network [6].
Tyrosine, abundant in collagen, the main structural
protein in dECM, facilitates both protein conform-
ational stabilisation and photo-crosslinking [71].
Following the addition of Ru/SPS (0.5/5 mM), all
dECM solutions rapidly formed translucent yellow
spherical hydrogels under visible light (figure 3(b)).
Unlike conventional thermally assembled dECM
hydrogels, network formation was achieved through
photo-initiated crosslinking [22]. Rheological ana-
lysis further showed that all dECM prepolymer
solutions exhibited non-Newtonian, shear-thinning
behaviour over a shear rate of 0.1-1000 s~' range
(figure 3(c)), a key property for extrusion-based
biofabrication that minimises cell damage while
maintaining structural fidelity [72].

We next assessed sol fraction and swelling ratio
to evaluate the physicochemical properties of the
photo-crosslinked dECM hydrogels (figures 3(d) and
(e)). The 1% Triton—-0.1% NH,OH group indic-
ated the lowest sol fraction, consistent with its
reduced swelling ratio, which suggests a higher cross-
linking density than the SDS-treated dECM gels.
Mechanical testing by microindentation revealed
that all photo-crosslinked hydrogels were markedly
stiffer than conventional thermally crosslinked dECM
hydrogels (0.002-1 kPa) reported previously [7,
22], with the 1% Triton-0.1% NH4,OH condition
exhibiting the highest compressive Young’s modulus
(12.87 & 2.13 kPa) (figure 3(f)). This enhanced stiff-
ness is likely attributable to dityrosine crosslinking
formation under visible light, which increases resist-
ance to mechanical stress and improves shape fidelity.

Photo-crosslinked hydrogels obtained from each
decellularisation protocol were further examined for
their cytocompatibility. hBMSCs were encapsulated
within 1% dECM mixed with 0.5/5 mM Ru/SPS
and crosslinked under visible light (30 mW cm™2)
for 3 min, followed by live/dead staining on days 1
and 7 (figure 3(g)) and cell viability assays at 24 h
(figure 3(h)). Hydrogels derived from 1% Triton—
0.1% NH4OH-reated dECM were cytocompatible,
whereas both SDS-derived hydrogels were cytotoxic,
likely due to residual SDS, consistent with previous
studies [73, 74]. Proliferation-related gene expression
(MCM2, Ki67, CDK1, PCNA, and Cyclin DI) was also
increased in hBMSCs cultured in 1% Triton—0.1%
NH4OH-treated dECM hydrogels at day 7 relative to
day 1 (supplementary figure S5), and this condition
was therefore selected for all subsequent experiments.

Having established 1% Triton-0.1% NH4OH as
the decellularisation condition, we next examined
the effect of Ru/SPS concentration on hydrogel
mechanics and cell behaviour. Increasing the con-
centration of Ru/SPS elevated the Young’s modu-
lus (12.9-33.3 kPa) (supplementary figure S6), but
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Figure 3. Solubilisation and tyrosine-based light-activated crosslinking reaction in dECM pregel solution and evaluation

of biocompatibility. (a) A schematic of pepsin-mediated solubilisation and visible light-activated dityrosine formation. (b)
Photographs of photo-crosslinked dECM hydrogels generated from each decellularisation condition. Scale bar = 2.5 mm. One
representative photograph is shown for each group. (c) Rheological properties of dECM pregel solutions measured by rheo-
meter. One representative dataset is shown for each group (n = 4 pregel solution samples). (d) Sol fraction. (e) Swelling ratio. (f)
Young’s modulus in compression quantified by microindentation. (d)—(f) are presented as mean £ S.D. (n = 6 hydrogel samples
per group). (g) Live (Calcein AM)/dead (Propidium iodide (PI)) staining of human bone marrow-derived mesenchymal stem
cells (hBMSCs) cultured in dECM hydrogels in all conditions for 1 and 7 d. Scale bar = 100 pm. One representative image is
shown per group (n = 3 hydrogel samples). (h) Quantification of cell viability (percentage of live cells relative to total cells) on
day 1 of culture. Data are presented as mean % S.D. (n = 3 hydrogels analysed with #n = 3 technical replicates).
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reduced hBMSCs proliferation and metabolic activ-
ity within dECM hydrogels (supplementary figures
S7(a) and (b)), likely associated with excessive free
radical generation from higher photoinitiator levels
[75].

3.4. Evaluation of chondrogenic capability of
photo-crosslinked dECM hydrogels

The in vitro chondrogenic induction capacity of scaf-
folds is critical for effective articular cartilage regen-
eration. To evaluate the ability of cartilage dECM
hydrogels to support the articular cartilage-specific
functions of hBMSC-derived chondrocytes, we used
1% dECM combined with 0.5/5 mM Ru/SPS and
compared its performance to 10% GelMA, a widely
used benchmark in cartilage regeneration and tissue
engineering [76].

By day 21, hBMSC-derived chondrocytes in
dECM hydrogels exhibited a markedly higher expres-
sion of chondrogenic genes than those in GelMA
(figure 4(a)). SOX9, a key transcription factor driv-
ing chondrogenic and regulating matrix genes, such
as ACAN and COL2A1 [77], was significantly upreg-
ulated in dECM hydrogels. Notably, COL2A1 expres-
sion increased 28-fold (p < 0.0001) in dECM versus
9-fold in GeIMA, and ACAN expression was also elev-
ated. In contrast, COL1A1I levels remained unchanged
in GelMA and were slightly reduced in dECM. Given
that COL2A1 is a characteristic of hyaline articular
cartilage and COLIA1 is associated with fibrocartilage
[78], the COL2/COLI ratio serves as a key indic-
ator of a chondrogenic phenotype. This ratio was
significantly higher in dECM, although still below 1
(figure 4(b)). Consistently, immunostaining revealed
a more extensive distribution of COL2A1 in dECM
hydrogels (figure 4(c)). Together, these results indic-
ated that cartilage-derived dECM hydrogels pro-
mote and maintain an articular-like chondrogenic
phenotype.

3.5. Photo-crosslinking-compatible
oxygen-scavenging microcapsules enhance hBMSC
chondrogenesis

Hypoxia (1%—5%) is known to enhance the stemness
and chondrogenic potential of mesenchymal stem
cells (MSCs), better reflecting the native niche of pro-
genitor cells and articular chondrocytes [79]. In addi-
tion to embedding cells, bioink can be supplemen-
ted with oxygen-scavenging components to locally
reduce the oxygen level. However, this may be incom-
patible with Ru/SPS-based photo-crosslinking, which
relies on oxygen-driven photo-oxidation of phenol-
modified polymers and is markedly impaired under
anaerobic conditions [17, 18]. Herein, we invest-
igate whether integrating the oxygen-scavenging
microcapsules [21] into cartilage dECM affects
photo-crosslinking and, in turn, facilitates a hyp-
oxic microenvironment that enhances chondrogenic
differentiation of hBMSCs.
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Oxygen-scavenging microcapsules loaded with
glucose oxidase and catalase are dispersed through-
out the hBMSC-laden cartilage dECM hydrogel
(figure 5(a)). Glucose oxidase converts glucose and
dissolved O, into gluconic acid and H,0,, while
catalase rapidly decomposes H,0;, leading to a net
consumption of oxygen and the formation of a
localised hypoxic niche surrounding the cells. We
first evaluated the photo-crosslinking behaviour of
cartilage dECM hydrogels containing 5, 10, and
20 mg ml~!' oxygen-scavenging microcapsules to
ensure that their incorporation did not disrupt
Ru/SPS-mediated crosslinking (supplementary figure
S8). Notably, 20 mg ml~' has previously been
reported to lower oxygen concentration to ~2%
within 2 h in GelMA [21]. After confirming struc-
tural integrity, we quantified the oxygen levels in
hBMSC-laden constructs cultured in a conventional
37 °C, 5% CO; cell culture incubator on days 1
and 7 (figure 5(b)), observing that cell-only hydro-
gels remained normoxic (~18% on day 7), whereas
microcapsule-loaded hydrogels reached hypoxic con-
ditions of 7.5%, 3.7%, and 3.2% for 5, 10, and
20 mg ml~!, respectively (figure 5(b)), consistent
with the reported month-long scavenging stability of
these capsules [21]. We then examined the viability of
hBMSCs under microcapsule-mediated hypoxia and
found no significant differences in live/dead staining
among hydrogels containing 5, 10, or 20 mg ml~!
microcapsules on days 1 and 7 (figure 5(c), sup-
plementary figures S9(a) and (b)). Given the min-
imal difference between the 3.7% and 3.2% O,
10 mg ml~! was selected as the concentration for
inducing hypoxia in subsequent chondrogenic differ-
entiation experiments.

We assessed the cellular response to
microcapsule-induced hypoxia within the hydro-
gel system by examining hypoxia-inducible factor
la (HIF-1a), a key oxygen-sensitive transcription
factor. hBMSCs cultured in hypoxic dECM hydro-
gels containing oxygen-scavenging microcapsules
under a standard incubator (20% O;) showed strong
nuclear localisation of HIF-1¢, indicating activa-
tion of the hypoxic signalling, whereas cells in nor-
moxic hydrogels without microcapsules exhibited
weak diffuse HIF-1a (figures 5(d) and (e)). These
results, in line with the previous report, confirm
that oxygen-scavenging microcapsules can effect-
ively induce a hypoxic response in vitro without
the need for a dedicated hypoxia incubator [21].
To investigate how oxygen tension shapes the phen-
otype of hBMSC-derived chondrocytes, hBMSCs
were differentiated in either hypoxic or normoxic
dECM hydrogels. Consistent with the previous
study, which found that hypoxia enhances hBM-
SCs chondrogenesis [80], 14 days of hypoxia cul-
ture significantly upregulated COL2A1, ACAN, and
SOX9, while markedly downregulating COL1Al
(figure 5(f)). The increased COL2A1 expression is
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Figure 4. Evaluation of chondrogenic potential in photo-crosslinked dECM hydrogels. (a) Gene expression in hBMSC-derived
chondrocytes after 21 d of chondrogenic differentiation. (b) Quantitative comparison of COL2/COLI ratio in hBMSC-derived
chondrocytes after 21 d of chondrogenic differentiation. Data in (a) and (b) are presented as mean =+ S.D. (n = 3 hydrogels ana-
lysed with n = 3 technical replicates). (c) Representative immunofluorescence images of COL2A1 staining in hBMSC-derived
chondrocytes with DAPI after 21 d of chondrogenic differentiation. Scale bar = 5 um. One representative image is shown for

each group (n = 3 hydrogel samples).

likely mediated by HIF-1a-driven type II collagen
synthesis [81]. Taken together, these findings showed
that incorporating oxygen-scavenging microcap-
sules into photo-crosslinked cartilage-dECM hydro-
gels promotes the differentiation of hBMSC-derived
chondrocytes toward a phenotype that better mimics
the naturally hypoxic cartilage environment.

Given these phenotypic and marker changes,
we next performed RNA sequencing on hBMSC-
derived chondrocytes cultured in hypoxic versus nor-
moxic dECM hydrogels to define the underlying
transcriptional landscape. A total of 2,379 differen-
tially expressed genes (DEGs) were identified ([log,
FC| > 1, FDR < 0.05), with many cartilage ECM-
related genes prominently represented in the vol-
cano plot (figure 6(a)). DEGs were mainly associ-
ated with cartilage matrix synthesis/organisation, sig-
nalling, and transcriptional regulation that supports
a cartilage-producing, non-hypertrophic phenotype
(figure 6(b)), a pattern further corroborated by the
top 25 upregulated and downregulated genes (supple-
mentary figures S10(a) and (b)), indicating increased
cartilage ECM- and hypoxia-responsive transcrip-
tion and reduced ECM remodelling and proliferation
under hypoxia.

Functional enrichment analysis based on GO
terms linked to collagen-containing extracellular

matrix organisation and connective tissue devel-
opment under hypoxic conditions (supplementary
figure S11), suggesting a matrix-producing cartilage-
like phenotype (figure 5(e)). To further confirm
the impact of oxygen-regulated DEGs, genes asso-
ciated with chondrocyte phenotype, hypoxia sig-
nalling, and metabolism were curated from the
NCBI Gene database (supplementary table S5)
[77, 82-88]. hBMSCs cultured in hypoxic cartil-
age dECM hydrogels showed upregulation of artic-
ular chondrocyte markers and cartilage-associated
genes, including COMP, PRG4, SOX5, SOX6, SOX9,
SMAD?2/3, and HAPLNI (figure 6(c)), while hyper-
trophic markers such as MMPI13, SPPI, BMP2,
and SP7 were suppressed (figure 6(d)). Canonical
HIF target genes and metabolic effectors (VEGFA,
EPASI1, SC2A1, SLC2A3, and LDHA) were strongly
induced at 3% Oz, indicating robust hypoxic sig-
nalling and enhanced glycolysis (figure 6(e)). In
addition, anabolic regulators (TGF-$3, IGF1/2, and
FGFR3) were upregulated (supplementary figure
S12(a)), whereas catabolic regulators (e.g. MMP1I3,
ADMTS4) were downregulated (supplementary
figure S12(b)), supporting a non-hypertrophic car-
tilage phenotype in hBMSC-derived chondrocytes
[16]. Hypoxia reprogrammed hBMSC-derived chon-
drocytes at both phenotypic and metabolic levels,
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Figure 5. Oxygen-scavenging microcapsules enhancing the chondrogenic differentiation of hBMSCs. (a) Schematic of oxygen-
scavenging microcapsules encapsulating glucose oxidase and catalase. (b) Oxygen levels in cartilage dECM hydrogels containing
different concentrations of oxygen-scavenging microcapsules. Data are presented as mean =+ S.D. (n = 4 hydrogel samples, each
with n = 3 technical replicates). (c) Representative live (Calcein AM)/dead (PI) staining images of hBMSCs encapsulated in car-
tilage dECM hydrogels supplemented with different concentrations of oxygen-scavenging microcapsules after 1 and 7 d. Scale

bar = 100 pm. One representative image is shown for each group (n = 3 hydrogels). (d) HIF-1a expression on day 7 of hBMSCs.
Scale bar = 50 pm. One representative image is shown for each group (n = 3 hydrogels). (e) Quantification of HIF-1c expres-
sion. (f) Gene expression in hBMSC-derived chondrocytes after 14 d of chondrogenic differentiation. Data in (e) and (f) are
presented as mean £ S.D. (n = 3 hydrogel samples, each with n = 3 technical replicates).

together with upregulated expression of genes asso-
ciated with TGF-3/SMAD2/3 and IGF-1/2-IGF1R
signalling, pathways associated with enhanced chon-
drogenesis and reduced hypertrophic differentiation
[89, 90].

GSEA indicated downregulation of the Hedgehog
signalling pathway, which is involved in chondro-
cyte hypertrophy and endochondral ossification.
Reduced TNF-a/NF-£B signalling was also observed.
This pathway promotes matrix degradation through
matrix metalloproteinases (MMPs) and a disintegrin
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and metalloproteinase with thrombospondin motifs
(ADAMTS) while suppressing extracellular matrix
synthesis (figure 6(f)) [91, 92]. In contrast, gly-
colytic pathways were markedly enriched, consist-
ent with the induction of canonical HIF target
genes (SLC2AI1, SLC2A3, LDHA, BNIP3, EPASI,
and VEGFA), indicating a HIF-dependent metabolic
adaptation to hypoxia (figure 6(f)) [93]. The phos-
phoinositide 3-kinase (PI3K)-AKT-mechanistic tar-
get of rapamycin (mTOR) (PI3K-AKT-mTOR) path-
way, which can promote chondrocyte proliferation
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Figure 6. RNA-sequencing analysis of differentially expressed genes (DEGs) in hBMSC-derived chondrocytes cultured in photo-
crosslinked dECM hydrogels under hypoxic (3% O2) or normoxic (20% O:) conditions. (a) Volcano plot showing DEGs between
hypoxia and normoxia. [log, FC| > 1, FDR < 0.05. (b) Heatmap of the top 25 DEGs. (c)—(e) Heatmaps of selected DEGs associ-
ated with articular chondrocyte phenotype (c), hypertrophic chondrocyte phenotype (d), and hypoxia-responsive genes (e). (f)
Gene set enrichment analysis (GSEA) showing enrichment of Hallmark pathways associated with glycolysis, PI3BK—AKT-mTOR
signalling, TNF-« signalling, and Hedgehog signalling. RNA sequencing analyses were performed using n = 3 hydrogel samples
per group. Gene sets with FDR < 0.25 were considered significantly enriched.

and matrix synthesis, showed minimal differ-
ences between normoxic and hypoxic conditions
(figure 6(f)) [94]. Overall, these findings indicate
that hypoxia primarily promotes metabolic repro-
gramming while suppressing inflammatory and
hypertrophy-associated signalling in h(BMSC-derived
chondrocytes.

4, Discussion

dECM is regarded as a physiological reservoir of
bioactive signalling molecules, as it preserves most
of the functional and structural components of the
native ECM [95]. When applied, these retained bio-
active cues provide an inherent microenvironmental
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niche that strengthens cell-matrix interactions, dir-
ects tissue- and organ-specific differentiation, and
helps restore original cellular functions, making
dECM a highly promising biomaterial for tissue
engineering, disease modelling, and drug screening
[96]. However, its broader application is limited by
batch-to-batch variability, potential reduction of bio-
activity during processing, and difficulties in large-
scale standardisation [97]. A significant source of this
variation is the lack of standardised decellularisation
protocols across laboratories, resulting in notable dif-
ferences in ECM composition and functional per-
formance. For example, in cartilage-derived dECM,
reported GAG retention ranges from 2% to 87%
[98—101]. Because effective decellularisation is tissue-
dependent, protocols must be carefully optimised for
each tissue source and application. Herein, our work
provides new data on how decellularisation condi-
tions critically shape dECM compositions.

Three detergent-based decellularisation protocols
were examined, revealing notable variations in the
resulting dECM compositions, especially at the pro-
teomic level. Detergent-based decellularisation meth-
ods were selected due to their reported efficiency and
ease of implementation in previous studies [102].
SDS is an ionic detergent recognised for its abil-
ity to disrupt cell membranes and solubilise cellu-
lar debris [23]. Triton X-100 disrupts lipid-lipid and
lipid-protein interactions in cellular membranes but
largely spares protein-protein interactions, thereby
solubilising cell membranes and organelles while
leaving the ECM protein network relatively intact
[103]. Although Triton X-100 alone showed good
ECM preservation in cartilage, it is less effective
in DNA removal [78]. The addition of NH,OH, a
charged base, appears to enhance its decellularisa-
tion efficiency [5], likely by increasing pH levels that
promote nuclear lysis and solubilisation of nucleic
proteins and DNA-protein complexes [14]. The 1%
and 2% SDS protocols showed strong DNA removal
performance. However, these conditions also caused
substantial GAG reduction and cytotoxicity in hBM-
SCs, consistent with previous findings that SDS treat-
ment leads to pronounced GAG depletion and cyto-
toxic effects [74]. Such outcomes may arise from
residual SDS remaining bound to ECM proteins 73,
74] or SDS-induced alterations to matrix biochem-
istry and structure [104]. Nevertheless, the cyto-
toxicity associated with SDS appears to be tissue-
and protocol-dependent [23]. Together, these find-
ings suggest that the use of SDS requires careful
control of residual detergent and may be less suit-
able when matrix preservation and cytocompatibility
are priorities. In contrast, a 2 d treatment with 1%
Triton X-100 and 0.1% NH,OH achieved thorough
removal of cellular material while preserving key
structural and biochemical features of the ECM, par-
ticularly collagen and GAG, in agreement with previ-
ous reports [5, 24]. Here, detergent-based protocols

17

L Lietal

were investigated as practical methods for prepar-
ing cartilage dECM for downstream hydrogel fabrica-
tion. Enzymatic methods may assist cellular removal,
but they are often used in combination with other
treatments because proteolytic enzymes can also
damage structural and bioactive ECM components
[105]. Physical approaches, such as freeze—thaw, avoid
chemical residues and may preserve some matrix fea-
tures, but their effectiveness in dense tissues such
as cartilage is often limited when used alone, while
methods such as ultrasound may disrupt major
structural fibres [2]. Overall, these findings identify
1% Triton—0.1% NH4OH as the most suitable pro-
tocol among those tested here. Future studies may
further explore enzymatic and physical approaches
to determine whether additional improvements in
decellularisation efficiency and matrix preservation
can be achieved.

Comparative proteomic profiling further suppor-
ted the selection of the 1% Triton—0.1% NH,OH
condition, showing reduced non-matrisome proteins
together with better preservation of ECM-related
proteins. Specifically, this condition was associated
with increased abundance of proteins associated with
cell proliferation (e.g. TGF-51, COMP, FN, DCN,
and PRG4) and chondrogenic differentiation (e.g.
ACAN, COL2A1, FGF2, PRG4, and MATN3). These
findings are consistent with previous studies suggest-
ing that key matrisome biomolecules play import-
ant roles in maintaining chondrocyte phenotype and
cartilage mechanical properties [69, 103, 106, 107].
Biomolecules such as COL2A1, FGF2 and ACAN are
recognised as important regulators of chondrogenesis
[108, 109]. Together, these findings suggest that
improved preservation of cartilage-associated ECM
cues may help explain the enhanced proliferation and
chondrogenic responses of encapsulated hBMSCs
observed in the absence of exogenous growth factors
[103, 106]. Therefore, 1% Triton—0.1% NH,OH was
selected as the optimised decellularisation protocol
for subsequent cellular studies.

All cell-laden hydrogels share a common fabric-
ation dilemma of needing to be gently printable yet
rapidly self-supporting, and self-crosslinking dECM
is no exception [20]. Its slow gelation and limited
stiffness often necessitate additional functionalisa-
tion or secondary crosslinking, introducing extra pro-
cessing steps. A Ru/SPS photoinitiator system was
applied to a biocompatible and consistently pre-
pared dECM that maintained key matrix compon-
ents, thereby improving its handling characteristics
[6]. This chemistry enables rapid hydrogel formation
within minutes without relying on collagen fibril-
logenesis. Maintaining relatively low concentrations
to reduce premature fibrillogenesis enables gelation
to occur with reduced dependence on variables such
as temperature, pH, ionic strength, and dECM con-
centration, which are often difficult to tightly con-
trol. Mechanical stiffness, in contrast, can be tuned
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by adjusting the photoinitiator concentration. In this
process, dECM proteins are co-crosslinked via exist-
ing tyrosine sites but are not chemically modified by
new functional groups or highly reactive radicals [6],
so the post-gelation protein composition still reflects
the native dECM. In contrast, methacrylate func-
tionalisation of pepsin-solubilised dECM hydrogels
has been reported to impair their chondro-inductive
capacity and fail to enhance hBMSC chondrogenesis
[110]. Thus, the photo-crosslinked cartilage dECM
hydrogel functions as a physiological depot, combin-
ing stable gradients of endogenous growth factors and
tunable mechanical stiffness to regulate hABMSCs pro-
liferation and differentiation towards the chondro-
cyte lineage [111].

We further demonstrated that the photo-
crosslinked cartilage dECM hydrogels better preserve
the articular chondrocyte phenotype of hBMSC-
derived chondrocytes compared with GelMA. The
expression of key chondrogenic marker genes, includ-
ing SOX9, ACAN, and COL2A1, was significantly
higher in the photo-crosslinked cartilage dECM
hydrogels than in the GelMA, consistent with pre-
vious reports [3]. Notably, the COL2/COLI ratio,
which is an established indicator of differentiated,
hyaline-like articular cartilage phenotype [112], was
also elevated in the dECM hydrogel.

A hypoxic microenvironment is essential for pre-
serving the chondrogenic potential of hBMSCs and
recapitulating the native cartilage niche, in which low
oxygen tension promotes matrix synthesis and sup-
ports a non-hypertrophic phenotype [113]. In our
system, we aimed to engineer hydrogels that can
establish and maintain localised hypoxia by incor-
porating an oxygen scavenger while still support-
ing efficient oxygen-dependent photo-crosslinking
during gel formation. However, achieving reliable
hydrogel formation with localised oxygen control can
be challenging, as efficient photo-crosslinking does
not occur under anaerobic conditions [18]. While
singlet oxygen may not directly interact with func-
tional groups, oxygen nevertheless plays an essential
role in driving the photo-oxidation and crosslink-
ing of hydroxyphenyl, sulphide, and amine groups
in the Ru/SPS-photo-mediated redox system [17].
This intrinsic dependence on oxygen complicates
the development of a unified, hypoxia-compatible
biofabrication strategy. To maintain shape fidelity for
3D culture while enabling localised oxygen control
in conventional CO, incubators, the choice of oxy-
gen scavenger is therefore critical. The oxygen scav-
enger, Oxyrase, previously used to generate local-
ised hypoxia in a microgel system [16], interfered
with the Ru/SPS-mediated photo-crosslinking in our
photo-crosslinked cartilage dECM hydrogels and
did not support the formation of robust cell-laden
hydrogels (data not shown), which may be related
to its instantaneous reaction kinetics. In contrast,
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oxygen-scavenging microcapsules containing gluc-
ose oxidase and catalase were compatible with our
photo-crosslinking system, as their activity is glucose-
dependent. In this case, the oxygen-consuming reac-
tion is not initiated until the hydrogels are immersed
in glucose-containing culture medium, which occurs
after the rapid visible light-induced crosslinking. This
strategy permits the preparation of cell-laden hydro-
gels with controllable biophysical and biochemical
features by varying the concentrations of dECM and
photoinitiator, and, importantly, allows modulation
of the local oxygen tension by incorporating oxygen-
scavenging microcapsules at different concentrations.
The oxygen-scavenging effect is mediated by a gluc-
ose oxidase/catalase cascade, but the system also has
several inherent limitations. Its activity depends on
glucose availability and may therefore be influenced
by media formulation and replenishment timing. In
addition, because gluconic acid is generated dur-
ing the reaction, potential pH changes should be
considered during extended culture. Although no
obvious macroscopic change in the culture medium
was observed, pH was not directly monitored in
the present study, and subtle or local microenviron-
mental changes cannot be excluded. The perform-
ance of the system may also be affected by transport-
related factors, including diffusion across the capsule
shell, oxygen resupply from the surrounding environ-
ment, and capsule concentration or spatial distribu-
tion. Accordingly, while functional oxygen regulation
was confirmed within the biologically relevant culture
window of this study, the longer-term behaviour of
the system under the present construct and culture
conditions requires further investigation.

In this study, our findings demonstrate that
hypoxic dECM hydrogels integrated with oxygen-
scavenging microcapsules can establish a hypoxia-
mimetic microenvironment, thereby eliciting hyp-
oxia responses in hBMSC-derived chondrocytes cul-
tured in a conventional incubator. This was evid-
enced by increased expression and nuclear transloca-
tion of HIF-1«, a key regulator of hypoxia response.
The enhanced nuclear activity of HIF-1a was associ-
ated with an articular phenotype in hBMSC-derived
chondrocytes. Mechanistically, activation of SOX9 by
HIF-1a promotes chondrogenic differentiation and
stimulates the synthesis of major cartilage matrix
proteins, including type II collagen and aggrecan
[114]. In addition, TGF-B/SMAD2/3-related sig-
nalling under hypoxic conditions has been associ-
ated with increased anabolic activity of SOX5/6/9
and reduced hypertrophic differentiation, as reflected
by RUNX2/COL10A1 expression [89]. By contrast,
hBMSC-derived chondrocytes encapsulated within
normoxic hydrogels displayed a hypertrophic phen-
otype, likely linked to elevated TNF-a/NF-£B sig-
nalling and Hedgehog pathway activation, which
together facilitate the expression of matrix-degrading
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enzymes such as MMPs and ADAMTS, leading to an
inflammatory, catabolic state and favouring hyper-
trophy and endochondral ossification [91, 92]. The
effects of hypoxia on Hedgehog and TNE/NF-xB
signalling are highly tissue- and context-dependent.
In articular cartilage, HIF-1c has been reported to
preserve cartilage homeostasis through suppression
of NF-kB signalling [115]. In broader inflammat-
ory settings, HIF-1« has also been shown to restrict
NF-kB transcriptional activity [116]. However, dis-
tinct responses have been described in other cell
types. Hypoxia-associated HIF-1q« signalling has been
linked to enhanced neutrophil survival together with
NF-kB-related activity [117], while HIF-la accu-
mulation is required for induction of the Hedgehog
response in cardiomyoblasts and fibroblasts [118]. In
addition, hypoxia can promote TNF-a/NF-xB sig-
nalling in cancer [119, 120]. Taken together, these
findings indicate that hypoxic regulation of Hedgehog
and TNF-a/NF-xB pathways is not uniform across
tissues. Therefore, the changes observed in our study
are more appropriately interpreted as a cartilage-
specific response under our experimental conditions,
rather than as a universal consequence of hypoxia. A
limitation of the present study is that only hBMSCs
were evaluated in the system, without the inclusion of
primary chondrocytes. In future work, primary chon-
drocytes and other relevant stem cell sources will be
included for direct comparison to better define cell
source-dependent responses in this system.

In the current study, the photo-crosslinked 1%
cartilage dECM hydrogel exhibited a stiffness range
of 12.9-33.3 kPa, which is substantially lower than
that of patient-derived cartilage, typically in the range
of MPa [121]. Nevertheless, the relevance of this
stiffness range to early cartilage regeneration should
be interpreted in a context-dependent manner, as
previous studies have shown that the relationship
between matrix stiffness and chondrogenesis depends
on hydrogel composition, crosslinking chemistry, cell
source, matrix ligands, and culture conditions. For
example, it has been suggested that the stiffness of
developing cartilage may initially remain relatively
low, with subsequent matrix deposition contributing
to progressive maturation toward a more cartilage-
like phenotype [122]. Consistent with this, hydro-
gels with stiffnesses in the range of 7-33 kPa have
been reported to support a comparable degree of neo-
cartilage formation, provided that a minimum initial
stiffness is maintained to preserve structural integrity
over time [123]. In addition, soft matrices of approx-
imately 1 kPa have been shown to promote MSC
chondrogenic differentiation [122], whereas other
studies have suggested that higher stiffness values,
such as ~80 kPa, may also support hBMSC chon-
drogenic differentiation [124]. Together, these find-
ings indicate that a clearly defined stiffness range for
guiding chondrogenic differentiation remains under
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debate, and further studies are needed to determ-
ine the most appropriate stiffness range for MSCs
or chondrocytes. In terms of mechanical enhance-
ment, simply increasing the concentration of pho-
toinitiator (Ru/SPS) may generate cytotoxic radic-
als and compromise cell viability, while different cell
types may also display distinct tolerance to photoini-
tiator exposure and the resulting changes in stiffness
[125]. Alternative approaches, including increasing
dECM concentration, optimising crosslinking dura-
tion or network structure, and incorporating dual-
network or composite reinforcement strategies, may
therefore provide more effective routes to improve
stiffness while preserving biological functionality in
future studies [126, 127].

5. Conclusion

In this study, we developed a hypoxia-compatible
photo-crosslinking strategy for dECM-based hydro-
gels, enabling robust hydrogel formation while pre-
serving a low-oxygen microenvironment relevant to
cartilage tissue. By integrating oxygen-scavenging
microcapsules into the photo-crosslinking process,
we successfully overcame the intrinsic incompat-
ibility between radical-based photoinitiators and
oxygen, achieving reliable gelation and spatiotem-
poral control of oxygen tension. Under hypoxic
conditions, hBMSC-derived chondrocytes exhib-
ited enhanced metabolic adaptation toward glyco-
lysis, up-regulation of cartilage-anabolic and artic-
ular phenotype-associated genes, and attenuation
of inflammatory, catabolic, and hypertrophy-related
signalling. These molecular changes collectively sup-
port the acquisition of an articular-like, anabolic, and
non-hypertrophic chondrocyte phenotype within the
engineered microenvironment. Taken together, this
work establishes a versatile biofabrication platform
for constructing hypoxia-regulated, dECM-based
cartilage models, providing a promising strategy for
engineering physiologically relevant cartilage tissues
for tissue engineering, disease modelling, and drug
screening.
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