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ABSTRACT
Tissue engineering and regenerative medicine approaches are being actively developed for degenerative disorders, including 
osteoarthritis (OA). Decellularized matrix (dECM) is a promising biomaterial; however, glycosaminoglycan (GAG) loss during 
decellularization limits its chondrogenic potential. In this study, we aimed to overcome this by developing a dECM hydrogel 
originating from cartilage, functionalized with the GAG chondroitin sulphate (CS), to replenish those originally depleted and 
incorporating quercetin to enhance hydrogel properties and chondrogenesis. An optimized decellularization protocol efficiently 
removed DNA, but with a significant loss of GAGs (73%). After dECM solubilization, functionalization with CS or aldehyde mod-
ified CS (mCS) was performed. CS-functionalized hydrogels maintained low stiffness compared to non-functionalized hydrogel, 
while 0.2 mg/mL mCS hydrogels exhibited significantly slower gelation kinetics. To aid the hydrogel's chondrogenic ability, a 
novel approach using quercetin was investigated. Incorporation of 0.3 mg/mL quercetin in 0.4 mg/mL mCS-functionalized hy-
drogels resulted in increased gel stiffness. The impact on cell viability and chondrogenic differentiation was evaluated. Results 
showed similar cell viability in dECM and CS-functionalized hydrogels at 1 and 3 days of culture, with no significant changes 
in gene expression of chondrogenic and hypertrophic genes. In quercetin-containing hydrogels, the viability of human dermal 
fibroblasts was not significantly different from non-functionalized hydrogels, while human chondrocytes showed a significant 
upregulation of collagen type II, with 6.6- and 2.2-fold increases for 0.15 and 0.3 mg/mL quercetin, respectively. These results 
provide an initial proof-of-concept for dECM functionalization strategies that restore lost CS while incorporating quercetin, cre-
ating a microenvironment favorable for cartilage repair.

1   |   Introduction

The loss of cartilage and the onset of bone growth are notable 
during osteoarthritis (OA), a degenerative joint disease affecting 

an estimated 595 million people globally in 2020 [1]. This patho-
logical cartilage remodeling contributes to the disease being 
both painful and debilitating for the affected individuals 
[2, 3], having a high impact upon the workforce and healthcare 
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systems [1]. Therefore, the development of new therapeutic tools 
to repair and regenerate cartilage lesions is urgently required.

Physiologically, the cartilage matrix allows the joint to provide 
movement for the skeletal system with low frictional resistance 
[4, 5]. Notably, hyaline cartilage, the main cartilage affected by 
OA, is rich in collagen type II and proteoglycans including aggre-
can, a glycosylated protein containing glycosaminoglycan (GAG). 
These are vital for the hydration of the extracellular matrix (ECM), 
a feature that is essential for the transmission of mechanical 
strains during movement [6, 7]. The cartilage degradation, along 
with its ossification, leads to pain and loss of joint movement [8, 9].

Cartilage is primarily non-innervated and avascular, with the 
latter being considered as the main contributor towards the 
lack of physiological regeneration [10, 11]. Cartilage matrix pro-
teins and GAGs are essential for homeostasis, contributing to 
chondrocyte resistance to hypertrophy [12, 13]. However, as OA 
progresses, cartilage matrix degradation intensifies, with the 
disease managing to overcome the tissue's hindrance for vas-
cularization, innervation, and osteogenesis [14]. Together, these 
can exacerbate the disease, further preventing cartilage repair 
[14, 15]. Chondrocyte hypertrophy leads to apoptosis and carti-
lage calcification onset [16]. Cartilage physiological limitations 
hinder halting pathological OA progression and cartilage regen-
eration, key to effective treatment [17].

The ubiquitous presence of the GAG, especially chondroitin sul-
phate (CS), is widespread in tissues and vital in  vitro/in vivo, 
driving interest in this natural polysaccharide for health [18]. In 
cartilage ECM, it can constitute up to 50% at birth and 15% in adult-
hood (depending on species, age, and gender) [19, 20]. Notably, 
the monomer structure contains a sulphate group along with two 
sugar units: D-glucuronic acid and N-acetylgalactosamine. CS sul-
phation varies, mainly as 4- or 6-sulphate variants [21, 22]. The 
sulphate group is the main contributor to the biopolymer's neg-
ative charge, enabling interaction with positive substrates and 
water [23]. If required, CS can be modified to contain aldehyde 
groups, proving essential for tissue bioadhesiveness or function-
alizing biomaterials. This can be achieved via conjugation to an 
amine (imine bond) or alcohol group (hemiacetal) [24]. Such mod-
ifications can alter the biopolymer properties and should be evalu-
ated for bioengineering applications.

Cartilage-mimicking scaffolds have been developed, includ-
ing solid implants and injectable hydrogels [25, 26]. Both two-
dimensional (2D) and three-dimensional (3D) cultures have 
been used to ascertain the biological impact of these materials, 
with the latter having proven to be the most effective in mimick-
ing the in vivo 3D environment [27]. In relation to chondrogenic 
differentiation studies, the utilization of 2D monolayer cultures 
has proven subpar in stem cell differentiation and chondrocyte 
activity. The onset of 3D cell culture approaches appears to 
have provided the necessary biotechnology platform for in vitro 
experimentation, enabling the development of approaches 
focusing on novel proof-of-concept treatments for cartilage 
regeneration [28].

Previous studies, using different tissues, focused on decellu-
larized extracellular matrix (dECM) scaffolds demonstrating 
their enhanced biochemical interactions, biodegradability, and 

biocompatibility [29, 30]. Briefly, obtaining dECM requires the 
removal of cellular content while retaining the original ECM 
components [31, 32]. Such approaches rely on the use of phys-
ical and chemical processes, which often have the drawback of 
removing/damaging the GAG content, including CS [33, 34]. 
Furthermore, when producing dECM-based hydrogels, the re-
quired acidic solubilization can cause further alterations to these 
polymers [35]. Previous studies have determined the ability of 
cartilage-sourced dECM to ensure differentiated stem cells have 
a chondrogenic phenotype with the expression of several genetic 
markers. These include the main collagen of hyaline cartilage, 
collagen type II, along with other markers, namely aggrecan and 
cartilage oligomeric matrix protein [32]. The latter is a glycopro-
tein whose role is to aid in the proliferation of chondrocytes and 
collagen fibrillogenesis [36]. These all work in tandem to ensure 
a chondrogenic microenvironment while limiting the onset of 
chondrocyte hypertrophy, a major complication associated with 
certain hydrogels as observed when using collagen type I hy-
drogels [37]. Biomaterials from natural sources generally offer 
higher biocompatibility and biodegradability and lower immu-
nogenicity compared to synthetic biomaterials like polyethylene 
glycol [38, 39]. Thus, dECM use in clinics is promising due to 
reduced host rejection [40]. However, the critical role of GAGs 
in the chondrogenic microenvironment makes restoring their 
levels vital to improve the efficacy of dECM in cartilage repair 
[24, 41]. Considering this, functionalization strategies can be ap-
plied to reconstitute the GAG CS within dECM-based hydrogels, 
offering a novel bioengineering approach that is explored in the 
current study.

To complement a strategy based on dECM hydrogels, inclusion 
of the natural flavonoid, quercetin, has been shown in vivo to 
aid in chondrogenesis [42]. This molecule has been reported to 
influence cartilage tissue regeneration, exhibiting beneficial ef-
fects upon cells along with modulating inflammation [43, 44]. 
Also, it has been shown to provide a degree of crosslinking to 
collagen polymers, as an alternative to genipin [45, 46]. In a pre-
vious study by Greco et al. [45], the authors determined within 
decellularized dermal scaffolds (non-hydrogel), quercetin cross-
links collagen via interactions involving quercetin's hydroxyl 
groups and the amino groups of collagen [45]. Also, its inclu-
sion within injectable alginate-based/bioglass hydrogels aided 
in chondrogenesis, along with inducing cartilage regeneration 
in an in vivo model [42]. To the best of our knowledge, the role 
of quercetin within dECM-based hydrogels or these functional-
ized with CS has not been reported, providing a novel avenue for 
experimentation.

Since the OA joint has a wide array of biochemical cues that may 
limit the success of any cell-seeded scaffolds, necessary func-
tionalization approaches should be applied [47]. Notably, the sig-
nificant loss of GAGs, including CS, is prominent in OA joints 
[12]. The absence of GAGs reduces the chondrogenic capacity 
of the ECM microenvironment [48]. Therefore, it adversely im-
pacts the feasibility of using these biomaterials for tissue engi-
neering approaches to tackle OA [48, 49]. Previous studies have 
applied functionalization strategies to produce biomaterials for 
a variety of applications [48, 50].

In the current study, we aimed to develop a novel hydrogel based 
on cartilage dECM functionalized with CS and containing 
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quercetin (quercetin hydrate) to improve hydrogel properties 
and enhance chondrogenesis. The dECM pre-gels were func-
tionalized using two approaches: (i) self-assembly with CS 
and (ii) modification of CS with aldehydes to provide a cova-
lent functionalized hydrogel via formation of imine bonds. To 
further improve the hydrogel properties, we used quercetin, a 
pro-chondrogenic molecule (Figure  1). Using the different de-
veloped hydrogels led to similar cell viability as in dECM. While 
CS functionalization led to no significant changes in chondro-
genic and hypertrophic gene expression, chondrocyte culture in 
quercetin-containing hydrogels significantly upregulated colla-
gen type II. These results support dECM functionalization with 
aldehyde-modified chondroitin sulphate (mCS) and quercetin 

may promote a chondrogenic microenvironment for cartilage 
repair.

2   |   Materials and Methods

2.1   |   Harvesting Bovine Cartilage and Particle 
Production

Freshly cut bovine legs (approximately 1 year old) were ob-
tained from Carnes Landeiro (Portugal), disinfected with 70% 
ethanol, with skin, ligaments, and muscle removed. Cartilage 
was harvested from articular joints with a scalpel and placed in 

FIGURE 1    |    Schematic of functionalized decellularised cartilage hydrogel production. Cartilage matrix was decellularised, milled, filtered, and 
solubilised into a pre-gel. This was used as a hydrogel or functionalized with either chondroitin sulphate (CS) or aldehyde modified chondroitin 
sulphate (mCS). Quercetin was also incorporated in the 0.4 mg/mL mCS hydrogel.  Created in BioRender. Granja, P. (2025) https://​BioRe​nder.​com/​
k5adszs.
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cold 1× phosphate buffered saline (PBS) containing 10% peni-
cillin–streptomycin (Gibco, USA) and 5% Fungizone (Capricorn 
Scientific, Germany). Tissue slices were placed in a holder with 
optical temperature cutting compound (Kaltek srl, Italy), frozen 
in liquid nitrogen-cooled 2-methylbutane, and stored at −80°C 
until use. When required, these were thawed at room tempera-
ture (RT) and washed in 1× PBS for 6 cycles of 30 min. Excess 
solution was removed, and the slices were placed at −80°C, then 
freeze dried. The lyophilized slices were milled and filtered 
through an 800 μm sieve. The sieved dECM particles were col-
lected and stored at −20°C until use.

2.2   |   Decellularization Protocol

Native cartilage particles were thawed at RT and placed in 
Milli-Q (MQ) water containing 1% Pen/Strep (Gibco, USA), 
0.5% Fungizone (Capricorn Scientific, Germany), and 0.1% 
Gentamycin (Gibco, Waltham, USA). The particles, at a concen-
tration of 6 mg/mL, were stirred at RT for 15 min. The solution 
was removed at all stages of the protocol via centrifugation at 
1300×g for 4 min, with the supernatant being removed. A 10 mM 
Tris-based hypotonic buffer (HB) containing 10 mM ethylene-
diaminetetraacetic acid (EDTA) at pH 7.8 was then added and 
allowed to stir for 22 h at RT. Following its removal, 1× PBS was 
added for 3 cycles of 1 h each. MQ water was then added to re-
move any excess salts for 5 min. A HB solution containing 0.5% 
sodium dodecyl sulphate (SDS) was introduced and allowed to 
stir for 16 h. To wash and remove the solution, 6 cycles of 15 min 
each of HB were required. To remove any excess salts, an MQ 
water wash was performed for 5 min. After centrifugation, 60 U/
mL of DNAse enzymes in a solution containing 20 mM Tris and 
2 mM MgCl2 (pH 7.8) was employed for 3.5 h (37°C). This was 
then removed and washed for 3 cycles of 10 min with 1× PBS, 
followed by 3 cycles of 10 min with MQ water to remove salts. 
The remaining supernatant was removed, with the particles 
then being frozen and lyophilized to form the dECM particles.

2.3   |   dsDNA Quantification

Lyophilized ECM and dECM particles underwent DNA ex-
traction using the PureLink Genomic DNA Mini Kit (Invitrogen, 
USA) per manufacturer instructions. Particles were digested 
with Proteinase K in digestion buffer at 55°C for 4 h with oc-
casional vortexing. The lysate was centrifuged to remove RNA, 
then mixed with ethanol and applied to a silica spin column. 
After washing, purified DNA was eluted. Double-strand deoxy-
ribonucleic acid (dsDNA) was quantified using the PicoGreen 
assay per manufacturer's instructions, with fluorescence mea-
sured on a Synergy Mx microplate reader (BioTek, USA) at 
480 nm excitation and 520 nm emission. Samples were run in 
duplicate with blanks and dual standard curves for DNA con-
centration, normalized to dry weight. The data were presented 
as ng deoxyribonucleic acid (DNA)/mg dry weight.

2.4   |   Sulphated Glycosaminoglycan Quantification

The blyscan sulphated glycosaminoglycan (sGAG) (Biocolor, 
UK) assay was utilized to quantify sGAGs. The dry ECM and 

dECM particles were placed in a digestion solution (0.1 M so-
dium acetate, 0.01 M EDTA disodium salt, 0.005 M cysteine HCl, 
pH 6.4) containing 0.1 mg/mL of crystallized papain (Merck, 
USA). The samples digested for 12 h at 65°C, being stirred at 
250 rpm. The kit quantifies sGAG by dye binding, pellet forma-
tion, and dye release for measurement. Absorbances were mea-
sured at 625 nm using a Synergy Mx microplate reader (BioTek, 
USA). Deionized water served as a reference and blank. sGAG 
concentration was determined from a standard curve, normal-
ized for dilution and initial dry weight. The data were presented 
as μg sGAGs/mg dry weight.

2.5   |   Aldehyde Modified Chondroitin Sulphate

Within an amber vial, 60.06 mg/mL of shark CS salt (Merck, 
USA) and 7.48 mg/mL of sodium periodate (NaIO4, Honeywell, 
USA) were dissolved in MQ water. Once dissolved, they were 
stirred for 6 h in the dark at RT, then dialyzed in a 1 kDa 
SpectraPor bag (Repligen, USA) against MQ water for 4 days 
with 3 daily changes of the solvent. Then filtered (0.22 μm), fro-
zen, and freeze-dried with the mCS stored at −20°C until use.

2.6   |   dECM Solubilization and Gelation

dECM particles were suspended in an amber vial with cold 3% 
acetic acid added at 80% FV (final concentration: 35 mg/mL). 
They were sonicated in ice using an ultrasonic liquid processor 
(FisherScientific, USA) with an amplitude of 20% and an ON/
OFF cycle of 2/3 s (total ON cycle: 1 h). Then, 3200 units/mg pep-
sin powder (Merck, USA) was added (final concentration: 5 mg/
mL), and the residual enzyme was suspended in the remaining 
20% of cold 3% acetic acid to ensure the desired final concentra-
tion was reached. The mixture was stirred with a suitable mag-
net and rpm (to prevent foaming) for a total of 72 h.

Under cold conditions and utilizing cold solutions throughout, 
10× PBS (10% FV) was added and vortexed gently, stirred at low 
rpm for 30 min. 10 M sodium hydroxide (NaOH) was added until 
the pH was approximately pH 7, the mixture was filtered to re-
move the undigested particles and allowed to centrifuge at 100 
G for 1 min (4°C), ensuring maximum recovery. Then it was al-
tered to pH 7.4 using 5 M NaOH. To undergo gelation, place the 
pre-gel at 37°C until complete gelation.

2.7   |   Pre-Gel Functionalization

To fabricate the functionalized hydrogels, working stock mix-
tures produced were 1.0 mg/mL CS and 0.4 mg/mL mCS. Under 
cold conditions throughout, pre-gel solutions with either CS/
mCS were stirred overnight (suitable rpm to prevent foaming). 
Diluted to 0.2 and 0.4 mg/mL, vortexed gently and stirred for 5 h 
to ensure homogeneity prior to use. 3.8 Inclusion of quercetin 
within functionalized hydrogels Quercetin (quercetin hydrate, 
MedChemExpress, USA) was dissolved in cold 1× PBS at a con-
centration of 12 mg/mL and then diluted to 6 mg/mL. Each was 
then added to 0.4 mg/mL mCS pre-gel at 2.5% FV (final concen-
tration: 0.3 and 0.15 mg/mL). These were allowed to stir for 2 h 
at 4°C prior to use.
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2.8   |   Fourier Transform Infrared Spectroscopy 
Analysis

A fourier transform infrared spectroscopy (FTIR)-RAMAN 
Spectrometer 2000 (Perkin Elmer, USA) with: Universal atten-
uated total reflectance (ATR) sampling accessory and trans-
mittance of solids (ToS) modules was used with 32 scans and a 
resolution of 4 cm−1. To obtain the spectrum of CS and querce-
tin powders, these were dried overnight at RT under vacuum. 
Approximately 0.5–2 mg of each sample with 200 mg of potas-
sium bromide were compressed into a pill and then read using 
the ToS module. The mCS and hydrogel-based solutions were 
read using the ATR module. Spectra were processed using the 
advanced baseline correction function provided by Spectragryph 
software.

2.9   |   Rheological Analysis

Pre-gel samples were placed in a pre-warmed 37°C kinexus rhe-
ometer (Malvern Instruments, USA) with drops of water sur-
rounding the centre platform to ensure humidity. The samples 
were allowed to stabilize and undergo gelation for 25 min. Ten 
samples per decade were recorded; first, a frequency sweep from 
0.1 to 10 Hz with a strain of 1% (linear viscoelastic region (LVER) 
can be observed); second, with a fresh pre-warmed sample, a 
strain amplitude analysis with 1 Hz (within LVER) frequency 
and strain from 0.01% to 100%.

2.10   |   Turbidity Measurements

Under cold conditions, pre-gel samples were prepared in dupli-
cates and placed in a pre-cooled 96-well plate, with this being 
left on ice until further use. A Synergy Mx multi-mode micro-
plate reader (BioTek, USA) was pre-warmed to 37°C. 100 μL of 
pre-gel solution of each condition was added as duplicates. The 
plate was left on a cold metal block until being placed in the 
plate reader with absorbances read every 31 s at a wavelength 
of 410 nm.

To normalize the absorbances as percentage turbidity, the 
method was adapted from a previous publication [51]. For the 
half-time gelation turbidity (t1/2) calculations, linear interpo-
lation between measured time points was undertaken when 
required.

2.11   |   CryoSEM Preparation and Analysis

Pre-gels (50 μL) underwent full gelation at 37°C for 25 min. 
Then 200 μL MQ water at RT was delicately added above each 
hydrogel, being then placed at 7°C for 24 h. These observations 
were performed using a high-resolution scanning electron mi-
croscopy (SEM) with X-Ray Microanalysis with the following 
CryoSEM: JEOL JSM 6301F (JEOL Ltd., Japan), Oxford INCA 
Energy 350 (Oxford Instruments, UK), Gatan Alto 2500 (Gatan 
Inc., USA). After removing excess water, hydrogels were quickly 
cooled in sub-cooled nitrogen, transferred under vacuum to the 
chilled preparation chamber. The specimens were fractured and 
sublimated for 180 s at −90°C followed by being coated via Gold/

Palladium sputtering for two 54 s cycles. Then samples were 
transferred into the SEM chamber (−150°C) with the images 
being then captured.

2.12   |   Viability Analysis

Human mesenchymal stem cells (MSC) immortalized with 
human telomerase reverse transcriptase (hTERT) via lentivi-
ral transfer were kindly provided by Prof. Matthias Schieker's 
group, Munich, Germany. Human dermal fibroblasts (HDF) 
were obtained commercially (ATCC, USA). The hTERT–MSCs 
or HDF were monolayer cultured in Dulbecco's modified eagle 
medium (DMEM) low glucose (-LG) medium (Gibco, USA), con-
taining 10% fetal calf serum (FCS) (Gibco, USA or Corning, USA 
or Biowest, France), 100 U/mL penicillin, and 100 μg/mL strep-
tomycin (Gibco, USA), being maintained at 37°C and a 5% CO2 
humidified environment. Either cell type was trypsinised and 
encapsulated within the hydrogel.

Cell seeding was undertaken via 4 × 105 cells/mL in a volume 
matching 2.5% FV of the pre-gel solution. Both solutions were 
combined under cold conditions and mixed using the pipette tip, 
up-down technique. 50 μL (containing 2 × 104 cells at a concen-
tration of 4 × 105 cells/mL) of the mixed pre-gel solution for each 
condition was added as duplicates to a 96 well culture plate, un-
dergoing gelation for approximately 8.5 min at 37°C within the 
incubator. The media was renewed with warm supplemented 
culture media and allowed to incubate for 75 min. The plates 
were then collected, the media renewed, and placed in the in-
cubator overnight.

Stainings were conducted on days 1 and 3 after cell encapsula-
tion. The cell media was replaced with culture media containing 
2.4 μM Calcein AM (Thermofisher Scientific, USA) and 4.8 μM 
ethidium homodimer-1 (EthD-1) (Biotium, USA or Merck, 
USA), followed by incubation for 30 min. The media was care-
fully removed, and warm 1× PBS was added, then removed to 
wash away excess media. This was repeated, with excess liquid 
removed prior to imaging using a Keyence BZ-X810 microscope 
(Keyence Corporation, USA) or Operetta CLS (Perkin Elmer, 
USA). The day 3 plate should have media renewed on day 1 and 
repeat the same assay on day 3. Imaging was undertaken in 2 
replicate gels per condition, for each independent experiment, 
quantified using Image J software, and results for replicate hy-
drogels were averaged.

2.13   |   Chondrocyte Isolation

Process adapted from a previous protocol [52], describing the 
process to obtain human chondrocytes. Briefly, these were iso-
lated from the cartilage of the caput femoris procured during en-
doprosthetic total hip arthroplasties at the Hospital Carl Gustav 
Carus Dresden. Both donors were female aged 62. Prior to sur-
gical intervention, patients provided written informed consent 
and cell isolation approved by the ethics commission of TU 
Dresden.

Cartilage was harvested, sliced, and placed in Hanks' balanced 
salt solution (HBSS) (Gibco, USA) supplemented with 100 U/mL 
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penicillin and 100 μg/mL streptomycin (Gibco, USA) along with 
2.5 μg/mL amphotericin B (Merck, USA). Here, using a scalpel, 
pieces were minced and placed in HBSS containing 1 mg/mL 
collagenase II (Merck, USA), being placed overnight on a shaker 
at 37°C. The solution was filtered through a 70 μm cell strainer 
(Corning, USA) with cells collected by centrifugation (5 min, 
423 g). The cell pellet was resuspended in expansion media con-
sisting of DMEM-LG with 10% FCS, 100 U/mL penicillin, and 
100 μg/mL streptomycin (all from Gibco, USA). Also, 2.5 μg/mL 
amphotericin B was included only at this stage. These were then 
added to a cell culture flask and placed in an incubator (37°C, 
humidified atmosphere, and 5% CO2). These were replenished 
twice a week with the expansion media and expanded to pas-
sage 3.

2.14   |   Chondrogenic Differentiation

All chondrogenic experiments were undertaken as three in-
dependent experiments. Dedifferentiated chondrocytes at 
passage 3 were trypsinised and placed at a concentration of 
2.4 × 106 cells/mL where it constituted 2.5% FV (pre-gel and 
cell suspension mixture) in chondrogenic medium. This me-
dium contained DMEM high glucose (-HG) (Gibco, USA), 
100 U/mL penicillin, 100 g/mL streptomycin, 1% ITS-X-Mix 
(Gibco, USA), 40 μg/mL proline, 50 μM ascorbic acid-2-
phosphate, 10–7 M dexamethasone (all sourced from Merck, 
USA) and 10 ng/mL transforming growth factor β3 (Milteny 
Biotec, Germany).

97.5% FV of the pre-gel solution and 2.5% FV of cell suspen-
sion was mixed using the positive displacement pipette. 50 μL 
of the mixed solution (containing 1.2 × 105 cells: concentration 
of 2.4 × 106 cells/mL), each condition was added to a 96 well 
culture plate and underwent gelation for approximately 10 min 
at 37°C. Following this, warm supplemented DMEM-HG was 
added and allowed to incubate for 75 min. The media was re-
newed and placed in the incubator overnight. On days 1, 3, 5, 
and 7/8 post encapsulation, the media was renewed, being then 
renewed twice a week. On day 21, hydrogels were processed for 
further analysis (Sections 2.16–2.18).

2.15   |   Histology

dECM and ECM were fixed in 4% paraformaldehyde in HBSS. 
Hydrogels with encapsulated cells were fixed in 4% phosphate 
buffered formaldehyde. These were paraffinized, sliced into 
4 μm or 1.2 μm slices, respectively, deparaffinized, and stained 
using haemotoxylin and eosin (HE) or alcian blue staining. For 
DAPI staining, these were exposed to Spectral DAPI solution 
(AYOKA Biosciences, Marlborough, MA, USA), incubated for 
5 min within a humidified chamber, followed by subsequent 
washing and mounting.

2.16   |   RNA Extraction and cDNA Synthesis

Cell media was removed, and hydrogels were incubated with 
3 mg/mL Collagenase type II (Merck, USA) in HBSS at 37°C 
for 1 h. Samples were centrifuged for 2 min at 250×g, the 

supernatant was removed, and cells were collected to undergo 
lysis. The lysis and RNA purification were undertaken following 
the manufacturer's protocol, either peqGOLD Microspin (VWR, 
USA) or ReliaPrepTM miRNA Cell and Tissue Miniprep System 
(Promega, USA) kits. The amount of RNA was determined 
using a Nanodrop spectrometer (Thermofisher Scientific, USA). 
The reverse transcriptase reaction was performed from 300 ng of 
total ribonucleic acid (RNA), utilizing the High Capacity cDNA 
Reverse Transcription kit (Applied Biosystems, USA) as per the 
manufacturer's instructions.

2.17   |   Real Time Reverse Transcription-Polymerase 
Chain Reaction

Real-time polymerase chain reaction (RT-PCR) was used 
for quantifiable expression of chondrogenic and hypertro-
phic markers. It was evaluated using selected TaqMan Gene 
Expression Assay primers (Table 1) for chondrogenic markers 
(collagen type II (COL2A1), aggrecan (ACAN), cartilage oligo-
meric matrix protein (COMP)), along with hypertrophic mark-
ers (collagen type I (COL1A1), collagen type X (COL10A1), 
and alkaline phosphatase (ALPL)). The housekeeping gene 
utilized was β-actin (ACTB). Gene expression levels were 
assessed by quantifiable (Q) RT-PCR reaction via the cDNA 
from each sample with Taqman Fast Advanced Master Mix 
(Applied Biosystems, USA). All samples were run as dupli-
cates for each gene while the normalized quantification was 
performed by using the comparative ∆∆Ct method. The sam-
ple size was 6 for Figure 6, being 3 independent experiments 
with 2 biological replicates per condition, while for Figure 7, 
the sample size was 9, including 3 independent experiments 
with 3 biological replicates per condition.

2.18   |   Statistical Analysis

Statistics were performed using GraphPad Prism (v8) and 
Excel software. Three independent experiments (minimum) 
were undertaken with the Shapiro–Wilk normality test used 

TABLE 1    |    Taqman primers utilized for the housekeeping, 
chondrogenic and hypertrophic genes.

Gene name Gene symbol Taqman assay ID

Aggrecan ACAN Hs00153936_m1

Beta-actin ACTB Hs01060665_g1

Alkaline 
phosphatase

ALPL Hs01029144_m1

Cartilage oligomeric 
matrix protein

COMP Hs00164359_m1

Collagen Type I 
alpha 1

COL1A1 Hs00164004_m1

Collagen Type II 
alpha 1

COL2A1 Hs00264051_m1

Collagen Type X 
alpha 1

COL10A1 Hs00166657_m1
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to assess normal (Gaussian) distribution. dsDNA and GAG 
quantification were analyzed using paired t-test. t1/2 and 
rheological data were analyzed using RM one-way ANOVA 
with Tukey correction (normally distributed data). Turbidity 
comparisons and cell viability analysis utilized RM two-way 
ANOVA with the Geisser–Greenhouse correction and Tukey's 
multiple comparisons test. Cell viability comparisons at the 
same time point utilized RM two-way ANOVA followed by 
Tukey's multiple comparisons test. Comparisons between time 
points used RM two-way ANOVA followed by Bonferroni's 
multiple comparison test. For the RT-PCR results, gene ex-
pression was analyzed as technical replicates generated from 
either three duplicate samples sourced from three (50 μL) cell-
seeded hydrogels (Figure 6) or three triplicate samples, each 
from two (50 μL) cell-seeded hydrogels (Figure 7). The statis-
tical analysis utilized the ∆Ct data. All data groups were com-
pared to each other using ordinary one-way ANOVA followed 
by Tukey multiple comparison (normally distributed data) or 
Kruskal-Wallis test followed by Tukey multiple comparison 
for (non-parametric data). The data are shown as fold changes 
(∆∆Ct) compared to the control (dECM) with upper and lower 
limits. Cell viability, gelation, and rheology spectra were ana-
lyzed using ordinary two-way ANOVA with Tukey's multiple 
comparison test.

3   |   Results

3.1   |   Cartilage Decellularization

To obtain a dECM-based hydrogel, we started by decellulariz-
ing native ECM particles using a combination of physical and 
enzymatic methods. After decellularization, both native ECM 
and dECM particles were evaluated to ascertain their DNA and 
GAG contents, providing insight into the decellularization ef-
ficiency in removing cellular material, while preserving ECM 
components. Since cartilage is extremely compact, cartilage par-
ticles (ca. 0.8 mm) were produced to increase the surface area 
and aid decellularization. Cartilage particles were subjected to 
combined chemical and enzymatic decellularization (Figure 1), 
resulting in the removal of virtually all cellular material 
(Figure 2A,B). This was confirmed by observing a porous struc-
ture within dECM particles that lacked or contained only rem-
nants of cellular contents (Figure 2A). In relation to retaining 
the matrix components, the alcian blue results (Figure 2A, left 
images) appear to have a lighter blue stain observed in dECMs, 
showing loss of acidic polysaccharides including sGAGs. DAPI 
staining showed the cell nuclei in native cartilage particles, 
which were lost in dECM (Figure 2A, right images). Results for 
dsDNA quantification, depicted in Figure 2B, showed a signif-
icant decrease in the dECM, with 1.4 ng/mg, compared to the 
ECM particles with 224.2 ng/mg. The subsequent sGAG quan-
tification (Figure  2C) showed a significant loss of 73% to ap-
proximately 87.3 μg/mg sGAG remaining in the dECM particles, 
compared with 324.2 μg/mg in the native ECM, caused by the 
decellularisation protocol.

Together, these results support that the decellularization was 
effective and the dECM was then used for further functionaliza-
tion and incorporation.

3.2   |   Production of Aldehyde Modified 
Chondroitin Sulphate

Then, to reintroduce the GAGs lost during the decellulariza-
tion, we proceeded to incorporate CS in the decellularised 
ECM. We started by using sodium periodate (NaIO4) medi-
ated oxidation of CS, which ensured the opening of the neigh-
boring diols (  OH) located on the N-acetylgalactosamine 
residue, since the diols were converted, producing a dialde-
hyde functionalized derivative (Figure  3A). To preserve the 
CS original structure and properties, 0.3 M equivalents of so-
dium periodate (NaIO4) were used to prevent excessive oxi-
dation. To ensure the formation of aldehyde groups, FTIR 
analysis (Figure  3B) of the mCS and natural CS salt was 
performed. The new peak observed at 1738 cm−1 (Figure 3B) 
corresponded to the C  O stretch, suggesting the presence of 
aldehyde groups. The produced mCS was used to function-
alise the dECM hydrogel to form the mCS hydrogels.

3.3   |   Characterization of dECM-Based 
and Functionalised Hydrogels

To develop the ECM-based hydrogels, including functionalized 
hydrogels, a pre-gel solution was first obtained. After collecting 
the lyophilized dECM particles, the material was solubilized 
via treatment with 3% acetic acid under sonication. Following 
the addition of 10× PBS and neutralization with NaOH, along 
with filtration, a homogenous pre-gel without visible particles 
was produced, as depicted in Figure 4A. Also, this image shows 
that following thermogelation at 37°C, the pre-gel forms an 
opaque hydrogel. FTIR showed alterations within protein sec-
ondary structure following gelation, especially in the Amide 
I (1647 cm−1), Amide II (1551 cm−1), and Amide A stretching 
(3200–3500 cm−1) regions, as shown in Figure 4B.

3.3.1   |   Characterization of Functionalised Hydrogels 
With CS or mCS

Then, CryoSEM imaging was performed, since this approach 
prevents loss of the original gelatinous network structure, which 
occurs during normal SEM sample preparation. The representa-
tive images in Figure 4C indicate a fibrous network within the 
hydrogels, providing further evidence for having successfully 
produced a hydrogel.

Turbidity measurements allowed for gelation kinetics to be 
determined for the hydrogels developed following function-
alization with different mCS concentrations (Figure  4D). The 
dECM hydrogel had the most efficient gelation kinetics, requir-
ing a shorter period (6.0 min) to reach 50% turbidity, as shown 
in Figure  4E. In relation to the functionalized hydrogels, the 
0.2 mg/mL mCS hydrogels required significantly more time to 
reach t1/2, with 6.8 min.

Rheological analysis was performed to examine the viscoelastic 
properties and strength of the gelatinous network. When compar-
ing the functionalized hydrogels to the control, it was observed 
both these had viscoelastic properties and solid-like hydrogel 
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8 of 20 Journal of Biomedical Materials Research Part A, 2025

profiles (supplementary Figure S2). This was deduced due to the 
spectra showing storage modulus (G′) being greater than the loss 
modulus (G″). As per Figure 4F–H, the G′ and G″ of the hydro-
gels did not show any significant differences to each other at 0.1% 
strain. The lowest G′ value (Figure 4F) recorded was 252.6 Pa for 
the 0.4 mg/mL mCS hydrogel; however, this was not significantly 
different to the dECM with a G′ of 415.8 Pa. The G″ (Figure 4G) 
and complex modulus (G*) (Figure 4H) also did not show any sig-
nificant differences amongst the hydrogels. Overall, functional-
izing the dECM pre-gel with the CS variants did not significantly 
alter the rheological characteristics with all hydrogels having a 
low G′ and G″ modulus following CS functionalization.

The 0.4 mg/mL mCS hydrogel was selected to further under-
stand the impact of incorporating quercetin. The CryoSEM 

representative images in Figure  5A, showed the organized 
fibrillar network within the hydrogels. The turbidity results 
in Figure  5B,C show that dECM hydrogels required 6.9 min 
to reach t1/2 while in comparison the 0.15 mg/mL quercetin-
incorporated hydrogels required significantly more time, taking 
9.2 min. No significantly different t1/2 times were observed when 
comparing the quercetin-incorporated hydrogels to 0.4 mg/mL 
mCS. In addition, comparing the quercetin concentrations also 
showed no significant differences.

The hydrogels had viscoelastic properties and were solid-like hy-
drogels at low strains and frequencies (supplementary Figure S3). 
Relative to 0.1% strain, the rheological data (Figure 5D) demon-
strated that the G′ of dECM hydrogel was 451.0 Pa, being signifi-
cantly higher than the 0.4 mg/mL mCS, with a G′ of 195.7 Pa. 

FIGURE 2    |    Characterization of decellularized extracellular matrix. (A) Images of native and decellularized ECM cartilage particles stained with 
Alcian blue (GAGs), hematoxylin & eosin (matrix and cells), and DAPI (DNA). Images at 10× and 20× magnification with scale bars (100 μm for 
Alcian blue and H&E; 200 μm for DAPI). (B) Quantification of double-stranded DNA (dsDNA) in ECM and dECM particles. (C) Sulphated glycos-
aminoglycans (sGAGs) content quantified. Data shown as mean ± SEM (n = 3), with paired t-test significance indicated: p < 0.05 (*), p < 0.0001 (****). 
Symbols on the graph represent individual data points.
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Both quercetin-incorporated hydrogels had a G′ that was not 
significantly different from each other and the dECM hydrogel. 
While the 0.3 mg/mL quercetin hydrogel had a G′ of 405.0 Pa 
that was significantly different from the 0.4 mg/mL mCS hydro-
gel. In relation to the G″ (Figure 5E), the 0.4 mg/mL mCS hy-
drogel had an average value of 83.3 Pa, which was significantly 
different from the dECM gel, with 182.2 Pa. With no significant 
differences when comparing either hydrogel to either quercetin-
incorporated hydrogel. To determine the strength of the hydro-
gels, the G* values at 0.1% strain were observed (Figure  5F). 
The 0.3 mg/mL quercetin hydrogel had a G* of 495.7 Pa, which 
was significantly different from 0.4 mg/mL mCS, with a G* of 
213.9 Pa. The latter had a G* that was significantly different 
from the dECM hydrogel (486.9 Pa). However, there were no 
significant differences for the 0.15 mg/mL quercetin hydrogel in 
comparison to the rest of the hydrogels (Figure 5D–F).

Overall, our characterization analysis, showed 0.4 mg/mL 
mCS hydrogel to show significantly lower stiffness compared 
to dECM hydrogel.' to 'Overall, our characterization results 
showed that the 0.4 mg/mL mCS hydrogels have significantly 
lower stiffness, compared to dECM hydrogels.

3.4   |   Biointerface Studies

Having produced a family of hydrogels, we proceeded to ascertain 
their impact on cell viability and chondrogenic differentiation.

To ascertain the viability of MSC within the developed 
hydrogels with the two concentrations of CS and mCS, a 

Calcein-AM and EthD-1 staining was undertaken at 1- and 
3-days of MSC culture (Figure  6A–C). Representative im-
ages of the obtained results are illustrated in Figure 6A. The 
quantitative results presented in Figure 6B show the percent-
age of live cells in the total of live and dead cells for the dif-
ferent conditions. The dECM cell viability was around 70% 
and it remained consistent since the impact of the hydrogel 
functionalisation or time point provided no significant dif-
ferences. Albeit, the hydrogels containing mCS show a slight 
decrease in cell viability at day 3 of culture (Figure  6B). To 
determine the impact of the developed hydrogels on chon-
drogenesis, MSC were cultured within the different hydro-
gels for 21 days. Histological stainings were performed with 
representative results presented in Figure  6C showing cells 
are widely distributed throughout the hydrogels and appear 
to maintain a relatively round morphology. The alcian blue 
staining shows similar staining intensities in the different 
conditions (Figure 6E). To gain a deeper understanding, both 
chondrogenic markers and hypertrophic marker related genes 
were analyzed. All conditions were compared to the control 
sample, the dECM hydrogel. The gene expression results for 
cartilage matrix proteins (COL2A1, ACAN and COMP) are de-
picted in Figure 6D–F, while hypertrophic markers (COL1A1, 
COL10A1, and ALPL), are depicted in Figure  6G–I. These 
showed relatively high variations between experiments but no 
statistically significant differences between dECM hydrogels 
and CS hydrogels.

Overall, there were no significant differences in cell behav-
ior, upon functionalization with either CS or mCS in dECM 
hydrogels.

FIGURE 3    |    Partial aldehyde modification of chondroitin sulphate. (A) Chemical structure of chondroitin sulphate salt before and after oxidation 
with 0.3 M equivalents of sodium periodate (NaIO4) for 6 h, being then dialysed for 4 days, filtered (0.22 μm), and freeze-dried. (B) FTIR spectrum 
for chondroitin sulphate (CS) and aldehyde modified chondroitin sulphate (mCS). Spectra were zoomed in, allowing for the aldehyde peak to be ob-
served at 1738 cm−1.
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To ascertain the ability of the developed hydrogels with in-
corporated quercetin to support cell culture, HDF cell via-
bility was evaluated along time, using the Calcein-AM and 

EthD-1 staining (Figure  7A). Representative images show 
some dead cells in all experimental conditions, even in dECM 
(Figure 7A). Quantitative results are presented in Figure 7B 

FIGURE 4    |    Characterization of decellularized cartilage matrix and chondroitin sulphate-functionalized hydrogels. (A) Images of pre-gel solution 
and hydrogel. (B) FTIR spectra showing secondary structure formation. (C) CryoSEM analysis of decellularized matrix and functionalized hydrogels 
with either chondroitin sulphate (CS) and aldehyde modified chondroitin sulphate (mCS). Representative Images acquired utilizing ×2500 magni-
fication with scale bars on the images. (D) Percentage turbidity of dECM with or without CS/mCS functionalization over time (minutes). (E) Time 
(minutes) to reach 50% maximum turbidity for each hydrogel. (F–H) Rheological results show at 0.1% strain (F) The average storage modulus (G′), 
(G) the loss modulus (G″) and (H) complex modulus (G*) of the hydrogels. Data presented as average ± SEM (n = 3) with significant differences shown 
as p < 0.05 (*) with the p values being compared to dECM. Symbols on the graph represent individual data points.
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and show no significant differences for cells cultured in 
0.4 mg/mL mCS hydrogel between day 1 (66.0%) and 3 (65.7%). 
Also, cells cultured in hydrogels with 0.15 mg/mL quercetin 
showed similar viability as in the control hydrogel. While on 
day 1, the cells cultured in 0.3 mg/mL quercetin containing 
hydrogels showed a viability of 58.6%, which on day 3, reached 

a viability of 68.8%. However, the differences in cell viability 
were not significant.

Histological staining analysis showed well dispersed chondro-
cytes with a round morphology, while alcian blue staining did 
not show any significant differences when comparing to those 

FIGURE 5    |    Characterization of decellularized cartilage matrix and 0.4 mg/mL aldehyde-modified chondroitin sulphate hydrogels with or with-
out quercetin. (A) CryoSEM analysis with representative images acquired utilizing ×2500 magnification (scale bars on images). (B) Percentage tur-
bidity of decellularized matrix (dECM) functionalized with aldehyde-modified CS (mCS) with/without two quercetin concentrations (0.15 or 0.3 mg/
mL) over time (minutes). (C) Time (minutes) to reach 50% maximum turbidity for the different hydrogels. Rheological results show at 0.1% strain (D) 
the average storage modulus (G′), (E) The loss modulus (G″) and (F) Complex modulus (G*) of the different hydrogels. Data presented as mean ± SEM 
(n = 3). Depending on the normal distribution, the statistical analysis undertaken either with (1) One-Way ANOVA test followed by Tukey's multi-
comparison test and (2) Kruskal–Wallis test followed by Tukey's multi-comparison test p < 0.05 (*). In (B) statistical significance is against the dECM 
condition. Symbols on the graph represent individual data points.
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with incorporated quercetin (Figure  7C). Then, the effect of 
quercetin incorporation in 0.4 mg/mL mCS on chondrogenic 
gene expression of human chondrocytes was evaluated. Results 

indicate that incorporation of this compound, upregulated 
COL2A1 expression, when compared with 0.4 mg/mL mCS 
hydrogels, with results showing 6.6-fold increase for the lower 

FIGURE 6    |    MSC viability and chondrogenesis in both non- and functionalized hydrogel types. (A) Viability of hTERT-MSCs in decellular-
ized matrix (dECM) and functionalized hydrogels, stained with Calcein AM (green, live) and Ethidium Homodimer-1 (red, dead) at days 1 and 3, 
with arrows pointing at examples of dead cells (10× magnification, 100 μm scale). (B) Percentage of viable cells shown as mean ± SEM (n = 3). (C) 
Hematoxylin & Eosin and Alcian blue staining of seeded hydrogels after 21 days in chondrogenic media (scale bars 100 μm). Symbols on the graph 
represent individual data points. (D–I) qRT-PCR analysis of ECM gene expression (COL2A1, ACAN, COMP, COL1A1, COL10A1, and ALPL) in seed-
ed hydrogels after 21 days. Hydrogels tested included dECM with or without 0.2 or 0.4 mg/mL chondroitin sulphate (CS) or aldehyde-modified CS 
(mCS). Fold change (ΔΔCT) was calculated relative to dECM control. Error bars represent upper and lower limits (n = 6).
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FIGURE 7    |     Legend on next page.
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concentration while the higher concentration provided a 2.2-
fold increase (Figure  7D). No significant differences were ob-
served in ACAN and COMP expression (Figure 7E,F).

In relation to the hypertrophic markers, as per Figure  7G,I, 
both COL1A1 and ALPL gene expression were not signifi-
cantly different amongst the hydrogels. For COL10A1 ex-
pression, the 0.3 mg/mL quercetin concentration, with a fold 
change of 4.0 (Figure  7H), showed a statistically significant 
increase when compared with dECM and 0.4 mg/mL mCS 
(0.9-fold). The lowest concentration of quercetin showed no 
significant differences, when compared to the other condi-
tions. This demonstrates, 0.3 mg/mL quercetin and not the 
lower concentration of 0.15 mg/mL quercetin, in tandem with 
0.4 mg/mL mCS can increase hypertrophic gene expression 
(COL10A1).

Overall, 0.15 mg/mL quercetin in 0.4 mg/mL mCS hydrogels en-
hances chondrogenic gene (COL2A1) expression.

4   |   Discussion

New biomaterials capable of restoring cartilage structure and 
function are needed for OA patients. An ideal biomaterial 
should provide a microenvironment which closely mimics na-
tive cartilage. Therefore, cartilage dECM demonstrates poten-
tial for hydrogel and scaffold preparation, with benefits reported 
both in vitro and in vivo studies [32, 53]. Producing these bioma-
terials requires efficient ECM decellularization to minimize im-
munogenicity. Furthermore, detergent-based cell removal may 
disproportionately reduce certain GAGs, notably decreasing CS 
more extensively compared to the GAG hyaluronic acid (HA) 
[54, 55].

An undesirable result of decellularization is GAG loss, associ-
ated with the use of detergent-based solutions (e.g., SDS) [32]. 
This class of biopolymers, especially CS, is vital for chondro-
genesis [56]. Thus, the ability to retain this polymer is para-
mount to ensure biomimicry [57]. Therefore, in this study, we 
re-introduced CS via functionalizing dECM, compensating for 
the loss occurring during decellularization. Our decellulariza-
tion approach resulted in a retention of 87.3 μg/mg of sGAGs, 
a 73% decrease compared to the native cartilage (Figure  2C). 
In accordance with the literature, a reduced quantity of GAGs 
was to be expected, with Bordbar et  al., reporting a decrease 
with 11 μg/mg of sGAGs remaining [32]. A subsequent paper 
by Guo and colleagues reported bovine articular cartilage 

contains approximately 40% GAGs, their dECM particle pro-
duction utilizing SDS detergent resulted in a 62% decrease [58]. 
This study utilized a different sGAG quantification technique, 
1,9-dimethylmethylene blue assay, showing higher initial sGAG 
levels than our results and Bordbar et al. [32, 58]. Despite GAG 
loss, dsDNA reduction to residual levels (Figure  1B) allowed 
progression to subsequent experiments aimed at compensating 
for this loss.

Considering the importance of sGAGs in chondrogenesis, 
reconstituting these appeared advantageous for enhancing 
hydrogel biomimicry [59]. This was explored via functional-
izing dECM pre-gel with CS and evaluating physical versus 
covalent functionalization approaches. Physical functional-
ization entailed solely adding CS salt (shark sourced), allow-
ing the polymers to self-assemble into an organized network 
during gelation, as previously reported [60]. While, covalent 
functionalization requires a CS modification, allowing the 
introduction of a complementary specific functional group 
to form a covalent bond with a chemical group within the 
dECM [24, 61]. An aldehyde modification was selected, as CS 
oxidation provides dialdehyde groups, enable multiple func-
tional sites to be introduced [61, 62]. These can react with 
primary amines (imine bonds) or alcohols (hemiacetals) [62]. 
As previously reported, such modifications may impact the 
biopolymer's bioactivity and stability, along with high oxi-
diser concentrations associated with increased polymer chain 
cleavage [61, 62]. Thus, we exposed CS to low oxidiser levels 
to compare CS and mCS in cartilage dECM-based hydrogels.

Prior studies focused on CS functionalization of solid dECM 
scaffolds from tissues other than cartilage, using methacry-
lated CS hydrogels or CS impregnation, rather than hydrogels 
[60, 63, 64]. This is different to our approach, which involves 
directly functionalising the dECM-based pre-gel solution with 
CS or mCS. To our knowledge, CS functionalisation of dECM-
derived hydrogels has not been previously shown, making our 
study a proof-of-concept.

Herein, the mCS modification was confirmed with FTIR anal-
ysis, and results are in agreement with previous reports [61]. 
Spectra showed a new peak at 1738 cm−1 correlating with the al-
dehyde (Figure 3B). Future studies may use varying amounts of 
oxidiser to produce different mCS variants and determine their 
corresponding hydrogel characteristics and biological behavior.

To convert a solid scaffold into a soluble pre-gel, a typical ap-
proach is performed using an acidic pepsin-containing solution. 

FIGURE 7    |    Cell viability and differentiation upon culture in non-functionalized and 0.4 mg/mL aldehyde modified chondroitin sulphate func-
tionalized hydrogels with or without quercetin hydrate. (A) Viability of seeded human dermal fibroblasts (HDF) seeded in the different indicated 
hydrogels and stained with Calcien AM (green, live) and Ethidium Homodimer-1 (red, dead) at days 1 and 3. Scale bars = 200 μm. (B) Percentage of 
viable cells shown as mean ± SEM (n = 4). Symbols on the graph represent individual data points. (C) Hematoxylin & Eosin and Alcian blue staining 
of seeded hydrogels after 21 days in chondrogenic media (scale bars 100 μm). (D–I) qRT-PCR analysis of ECM gene expression (COL2A1, ACAN, 
COMP, COL1A1, COL10A1, and ALPL) in seeded hydrogels after 21 days. Hydrogels observed included that derived from dECM along with 0.4 mg/
mL aldehyde modified chondroitin sulphate incorporated with quercetin at 0.15 and 0.3 mg/mL. Fold change (ΔΔCT) was calculated relative to 
dECM control. Error bars represent upper and lower limits (n = 9). Depending on the normal distribution, the statistical analysis undertaken either 
with (1) One-Way ANOVA test followed by Tukey's multi-comparison test and (2) Kruskal–Wallis test followed by Tukey's multi-comparison test 
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Furthermore, since we wanted to maximize the retrieval of 
ECM components, ultrasonic waves were applied through a son-
ication process since Akram and colleagues had already demon-
strated its ability to aid in maximizing the retrieval of collagen 
type II from cartilage [65]. Evidence from the literature shows 
ultrasonic waves result in mechanical oscillation and cavitation 
within the samples, disrupting protein structure [65, 66]. Such 
disruption can expose concealed protein regions, aiding in di-
gestion [66]. Future studies should be undertaken to determine 
a more effective solubilization strategy, since difficulties were 
encountered in our experiments to ensure full solubilization of 
the dECM. Therefore, filtering was necessary to remove the in-
soluble material.

A concerning issue with dECM scaffolds is high batch-to-batch 
variability due to tissue source differences between animals of 
the same species [67]. Also, the solubilization process can intro-
duce variability in the final product due to incomplete digestion 
leading to heterogeneous hydrogels [68]. To ensure consistency, 
standardized decellularization and solubilization protocols are 
needed to reduce batch-to-batch variability [67, 68]. In the cur-
rent study, variability in characterization and biointerface re-
sults (Figures 4–7) reflects the use of different dECM batches.

Hydrogel mechanical properties were measured to assess the 
functionalization effect on viscoelasticity. The overall results 
show hydrogels with a low G′ modulus, with dECM hydrogel 
having an initial modulus that was significantly different to the 
functionalized hydrogel, of 416 Pa (Figure  4F) According to a 
previous publication by Beck and colleagues [69], the compres-
sive modulus for native articular cartilage is 1.8 MPa. While, 
the compressive and G′ moduli measure different mechanical 
properties, the high level of difference, shows the hydrogel is 
considerably weaker than cartilage. Although no studies with 
dECM-based hydrogels functionalized with CS, could be found 
in the literature, our results appeared to correlate with a study 
undertaken by Stuart et al. [70], who have observed decreased 
G″ modulus following the presence of CS in collagen hydrogels 
[70]. While the G″ of the 0.4 mg/mL mCS hydrogel (Figure 5D), 
is significantly decreased versus the dECM hydrogel, supporting 
mCS hydrogels may follow this trend.

An objective of this research was also to determine how the 
network forms over time. Turbidity measurements showed 
decreased gelation kinetics for the functionalized hydrogels 
compared to the dECM hydrogel. The average t1/2 (Figure 4E) 
showed the dECM hydrogel had the fastest gelation kinetics 
(6 min), with 0.2 mg/mL mCS hydrogels being significantly 
slower in comparison. Clearly, the mCS functionalization within 
these dECM hydrogels is hindering the network organization, 
slowing down gelation efficiency.

The viability of cells in the CS modified hydrogels was evalu-
ated at day 1 and day 3 of culture. These early time points were 
selected to deduce the effect of cells being exposed to a hydrogel 
containing 0.5 M sodium acetate. The presence of this salt is a 
direct result of utilizing NaOH to neutralize the 3% acetic acid 
pepsin containing solution used during the dECM solubiliza-
tion. Such a concentration of the resulting 0.5 M sodium acetate 
may lead to lower cellular viability according to previous studies 

[35]. Second, these time points allowed for ascertaining the cell 
viability of mCS functionalized hydrogels, which contained al-
dehyde modified CS. Such functional groups can interact with 
cellular components, disrupting cellular processes, resulting 
in toxicity which impacts cellular viability [71]. Overall, these 
time points showed there is only mild cytotoxicity to the seeded 
cells, at both day 1 and day 3 for all hydrogels (Figure 6A,B), 
with no significant differences when comparing the conditions. 
Therefore, cell viability of 70% is a potential limitation of our 
study. Also, the number of cells appears to show some variations 
(Figure  6A) especially between day 1 and 3. Previous studies 
have reported at week 6, a beneficial impact in cell viability 
when CS was provided to 3D cell cultures [50]. No similar sig-
nificant effects were observed within our study at day 1 and 3. 
Perhaps the composition or low stiffness of our dECM hydrogels 
nullifies the beneficial effect upon cell viability provided by CS. 
Furthermore, since we had to decellularize the cartilage ECM, 
this can modify the biochemical and structural integrity of the 
ECM components [72]. This may be associated with the cytotox-
icity observed within the hydrogels including the dECM-based 
hydrogel. A study by Bordbar and colleagues reported that rabbit 
bone marrow stem cells exhibited lower metabolic activity (an 
indirect measurement of cell viability) at day 7 within cartilage 
dECM hydrogels compared to dECM solid scaffolds. Also, all 
conditions showed higher activity at day 7 compared to day 3, 
with the dECM hydrogel showing the slowest cell growth [32]. 
While, in our study, cell viability was directly measured (count-
ing live and dead cells), with mild cytotoxicity observed in the 
dECM hydrogel. Evidently, in both the previous study and our 
results show no significant differences at 3 days. Although later 
time points were not investigated in our study, the early-stage 
data provided valuable insight into initial cell responses to these 
hydrogels and functionalization strategies.

Hydrogel mechanical cues, especially stiffness, can influence 
MSC chondrogenic differentiation [73]. However, in contrast to 
our initial hypothesis on the effect of CS functionalisation, the 
expression of chondrogenic and hypertrophic genes showed no 
significant differences overall (Figure 6D–I). A previous study 
by Bachmann and colleagues [74] showed a stiffness of 30 kPa 
compared to 1 kPa that resulted in increased collagen type II 
and aggrecan synthesis [74]. Since in our study we have hydro-
gels presenting low stiffness, this may play a role in the results 
obtained in suppressing cartilage matrix production. Finally, it 
should be ascertained in future studies if hydrogel stiffness or CS 
has a preponderant impact on chondrogenesis induced by dECM 
hydrogels. A study by Ai et al. [73] has shown the optimal CS 
concentration for chondrogenesis was 6% (w/v) regardless of the 
stiffness of hydrogels, but for the same CS concentration stiffer 
hydrogels tend to have better performance [73]. Perhaps investi-
gating further CS concentration and improving dECM hydrogel 
stiffness via crosslinking may allow CS functionalization to ef-
fectively enhance the microenvironment's chondrogenic ability.

Furthermore, our approach utilized a chondrogenic supple-
mented culture medium. This was due to having MSC or de-
differentiated chondrocytes which necessitate supplements to 
undergo re-differentiation to express cartilage specific genes 
[75]. Consequently, any changes in the expression of chondro-
genic genes are not only influenced by the biochemical and 
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biomechanical microenvironment provided by the hydrogel, but 
also by these factors. To assess the direct impact of the hydro-
gels, removing chondrogenic supplementation, as demonstrated 
by Roncada et al., could provide valuable insights [76]. However, 
supplementation is considered necessary for the activation of the 
chondrogenic signaling pathways [77], and thus was selected.

This study also examined quercetin's influence upon hydrogel 
mechanical and biological behavior, since it has been shown 
to crosslink collagen and support chondrogenesis [42, 45]. 
However, no previous studies have been published focusing on 
its use within dECM-based hydrogels.

Rheological data for quercetin-incorporated hydrogels demon-
strated its ability to improve the G′ modulus. This aligns with 
previous studies on evaluating quercetin's crosslinking ability 
[45]. The G* analysis in Figure 5F provides evidence that 0.3 mg/
mL quercetin incorporated within 0.4 mg/mL mCS significantly 
increases the hydrogel's strength (0.3 mg/mL quercetin vs. 
0.4 mg/mL mCS), while not showing significant differences to 
the dECM hydrogel. This can imply that incorporated querce-
tin within the dECM and 0.4 mg/mL mCS hydrogel restored the 
mCS functionalized hydrogels to their original strength prior 
to functionalisation (since no significant differences between 
quercetin concentrations and dECM). Thus, it depicts the im-
portance of quercetin for improving mCS hydrogel's rheological 
properties. However, no significant difference was observed be-
tween quercetin-incorporated hydrogels and its corresponding 
hydrogel, 0.4 mg/mL mCS. In a previous publication by Greco 
et  al. [45], incorporation of 1 mg/mL of quercetin (in PBS) in 
decellularized dermal scaffolds increased their stiffness, though 
less than crosslinking with genipin [45]. Our results may suggest 
that quercetin can overcome the hindrances that mCS provides 
to the hydrogel network, allowing for improved rheological 
properties. In our current study, we are limited to observing the 
influence of quercetin in a specific mCS hydrogel. It may be nec-
essary and of great importance to analyze the influence in the 
remaining CS gels and dECM-based hydrogel.

Quercetin exhibits anti-cancer cytotoxicity against hTERT-
mutated cells [78, 79]. Therefore, HDF cells, which tolerate 
quercetin, were used in these experiments [80]. Results in 
Figure  7A,B showed that quercetin incorporation within the 
0.4 mg/mL mCS-functionalized hydrogels did not lead to sig-
nificant increases in cytotoxicity (as can potentially occur with 
hTERT cell lines). However, these all showed low to moderate 
cytotoxicity when observing both day 1 and day 3, which con-
stitutes a potential limitation of the current study. A previous 
study by Zawani and colleagues used quercetin-embedded gel-
atin–elastin hydrogels and showed HDF cell viability at day 1 
was optimal with 0.125 mg/mL quercetin [81]. Their results re-
port cell viability via a cell metabolic assay rather than directly 
quantifying the percentage of live cells as in this study. Our 
quercetin-incorporated hydrogels that had the highest viability 
at day 1 were 0.15 mg/mL (75.9%), which corresponds to mild 
cytotoxicity and was not statistically different from the rest of 
the conditions. Notably, the results in our study could possibly 
be associated with the inherent properties of the dECM hydro-
gel contributing to the observed cytotoxicity. Also, Greco and 
colleagues reported that 1 mg/mL quercetin is optimal for cross-
linking, while Zawani and colleagues found that cell viability 

is preferable at concentrations below 0.5 mg/mL [45, 81]. To 
minimize cytotoxicity, we limited the highest quercetin con-
centration to below 0.5 mg/mL. Despite this, cytotoxicity was 
still observed, which may have influenced the chondrogenesis-
related results.

The gene expression results show quercetin inclusion pro-
vides statistically significant advantages (especially when 
comparing the 0.4 mg/mL mCS hydrogel +/− quercetin) rela-
tive to the expression of COL2A1. The 0.15 mg/mL quercetin-
incorporated hydrogel showed the highest significant 
increase (6.6-fold change) vs. 0.4 mg/mL mCS hydrogel (0.2-
fold change) seen in Figure 7D. Increased COL2A1 has been 
previously reported in rat chondrocytes affected by quercetin-
bioglass hydrogels [41]. Both quercetin concentrations signifi-
cantly increased COL2A1 expression. There was a significant 
increase in the hypertrophic gene COL10A1, with 0.3 mg/
mL quercetin showing a 4.0-fold increase (Figure 7H) versus 
both the dECM hydrogel and 0.4 mg/mL mCS-functionalized 
dECM hydrogel. Since the percentage of live cells at day 1 
for 0.3 mg/mL quercetin showed moderate cytotoxicity, this 
could have implications in the results (COL10A1). Together, 
these results show 0.4 mg/mL mCS hydrogels have a positive 
influence upon chondrogenesis (> hypertrophy) when quer-
cetin is incorporated, especially at 0.15 mg/mL. Therefore, 
providing a basis for future studies to apply quercetin for en-
hancing the chondrogenic regenerative capability of CS func-
tionalised dECM.

5   |   Conclusion

Cartilage dECM-derived hydrogels showed no significant dif-
ferences in rheological behavior, gelation kinetics, or bioint-
erface effects compared to CS/mCS-functionalized hydrogels. 
The inclusion of quercetin in 0.4 mg/mL mCS-functionalized 
dECM hydrogels appears to enhance COL2A1 expression. 
Therefore, this study presents a proof-of-concept hydrogel 
that combines mCS and quercetin to enhance chondrogene-
sis. Future work should investigate CS and further mCS con-
centrations for dECM hydrogel functionalization along with 
quercetin's interaction with CS/mCS. This will allow for the 
identification of an optimal formulation for chondrogenesis 
and clinical use.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: FTIR of aldehyde modi-
fied chondroitin sulphate. FTIR spectrum for both chondroitin sulphate 
(CS) and aldehyde modified chondroitin sulphate (mCS). Aldehyde 
peak was observed at 1738 cm−1. Figure S2: Rheological analysis spec-
tra for decellularised cartilage-based hydrogels and with modified/non-
modified chondroitin sulphate functionalised gels. (A, D) G′, (B, E) G″, 
(C, F) G*. (A–C) Frequency analysis from 0.1 to 10 Hz with 1% strain. 
(D–F) Strain amplitude of 0.1% to 100% with 1 Hz frequency. Figure S3: 
Rheological analysis spectra for dECM, aldehyde modified chondroitin 
sulphate functionalised hydrogels and quercetin incorporated func-
tionalised hydrogels. (A, D) G′, (B, E) G″, (C, F) G*. (A–C) Frequency 
analysis from 0.1 to 10 Hz with 1% strain. (D–F) Strain amplitude of 
0.1% to 100% with 1 Hz frequency. Figure S4: in vitro gene expression 
of extracellular matrix components. mRNA expression level of (1-6A) 
Collagen type 2 (COL2A1), (1-6B) Aggrecan (ACAN), (1-6C) Cartilage 
oligomeric matrix protein (COMP), (1-6D) Collagen type 1 (COL1A1), 
(1-6E) Collagen type 10 (COL10A1), (1-6F) Alkaline phosphate (ALPL) 
by quantitative real-time PCR of cell seeded gels after 21 days of in vitro 
culture. (1–3) Hydrogels observed included the dECM hydrogel along 
with non-modified (CS) and modified (mCS) functionalised gels with 
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concentrations of 0.2 mg/mL and 0.4 mg/mL. (4–6) Hydrogels observed 
included the dECM hydrogel along with 0.4 mg/mL mCS with this 
hydrogel being then incorporated with quercetin at concentrations of 
0.15 mg/mL and 0.3 mg/mL. Fold change (ΔΔCT) to control samples, 
being the dECM hydrogel. Error bars represent upper and lower lim-
its (n = 2). Figure S5: In  vitro gene expression of extracellular ma-
trix components. mRNA expression level of (1-3A) Collagen type 2 
(COL2A1), (1-3B) Aggrecan (ACAN), (1-3C) Cartilage oligomeric ma-
trix protein (COMP), (1-3D) Collagen type 1 (COL1A1), (1-3E) Collagen 
type 10 (COL10A1), (1-3F) Alkaline phosphate (ALPL) by quantitative 
real-time PCR of cell seeded hydrogels after 21 days of in vitro culture. 
Hydrogels observed included the dECM hydrogel along with 0.4 mg/
mL mCS hydrogel with this being then incorporated with quercetin 
at concentrations of 0.15 mg/mL and 0.3 mg/mL. Fold change (ΔΔCT) 
to control samples, being the dECM hydrogel. Error bars represent 
upper and lower limits (n = 3). Depending on the normal distribution, 
the statistical analysis undertaken either with (1) One-Way ANOVA 
test followed by Tukey's multi-comparison test (2) Kruskal-Wallis test 
followed by Tukey's multi-comparison test p < 0.05 (*), p < 0.01 (**). 
Table S1: Statistical analysis of G′, G″ and G* over strain amplitude for 
supplementary Figure S3. The statistical analysis undertaken with RM 
two-way ANOVA with the Geisser–Greenhouse correction followed by 
Tukey's multiple comparisons test p < 0.05 (*), p < 0.01 (**). Table S2:. 
Statistical analysis of G′, G″ and G* over Frequency for supplemen-
tary Figure S3. The statistical analysis undertaken with RM two-way 
ANOVA with the Geisser–Greenhouse correction followed by Tukey's 
multiple comparisons test p < 0.05 (*). 
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