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A B S T R A C T

Full osteochondral regeneration remains a major clinical challenge. Among other experimental cartilage 
regenerative approaches, decellularized cartilage (DCC) is considered a promising material for generating 
potentially implantable scaffolds useful as cartilage repair strategy. In this work, we focus on screening and 
comparing different decellularization methods, aiming to generate DCC potentially useful in biomedical context, 
and therefore, with biological activity and functional properties in terms of induction of differentiation and 
regeneration. Data indicates that enzymatic and detergents-based decellularization methods differentially affect 
ECM components, and that it has consequences in further biological behavior. SDS-treated DCC powder is not 
useful to be further processed in 2D or 3D structures, because these structures tend to rapidly solubilize, or 
disaggregate, in physiologic media conditions. Conversely, Trypsin-treated DCC powders can be processed to 
mechanically stable 2D films and 3D solid-foam scaffolds, presumably due to partial digestion of collagens during 
decellularization, which would ease crosslinking at DCC during solubilization and processing. In vitro cell culture 
studies indicate that these structures are biocompatible and induce and potentiate chondrogenic differentiation. 
In vivo implantation of DCC derived 3D porous scaffolds in rabbit osteochondral defects induce subchondral bone 
regeneration and fibrocartilage tissue formation after implantation. Therefore, this work defines an optimal 
cartilage tissue decellularization protocol able to generate DCC powders processable to biocompatible and 
bioactive 2D and 3D structures. These structures are useful for in vitro cartilage research and in vivo subchondral 
bone regeneration, while hyaline cartilage regeneration with DCC alone as implantable material remains elusive.

1. Introduction

Hyaline Cartilage is a very specialized tissue with unique properties. 
Its specific cell-distribution, low vascularization, and matrix composi-
tion provide excellent compressive stiffness and load-bearing properties. 
At present, multiple clinical situations as cartilage injuries, cartilage 
tissue deterioration and degenerative joint diseases require restorative 
or replacement surgery. Precisely, some of the repair strategies, 
including microfracture and autologous chondrocyte implantation, have 

achieved success in regenerating functional cartilage. However, full 
osteochondral regeneration remains a major clinical challenge [1].

At experimental level, multiple potentially promising cartilage 
regenerative approaches have been developed. Focused on cartilage 
tissue engineering field, potentially implantable, biomimetic or regen-
erative scaffolds have been fabricated with synthetic, natural and 
composite materials [2]. Based on the study of the extracellular matrix 
(ECM) composition, several studies suggest that tissue-specific compo-
nents trigger tissue-specific differentiation [3–5]. Therefore, 
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decellularized tissues have been postulated as interesting materials to 
generate implantable and regenerative compounds.

In cartilage field, decellularized cartilage (DCC) is considered a 
promising material for generating scaffolds useful for cartilage repair 
[6–11]. Literature is extensive in terms of prospective cartilage tissue 
decellularization methods and their physical-chemical-mechanical 
properties testing, while multiple enzymes and detergents have been 
suggested for cartilage decellularization [12–16]. However, studies 
performing exhaustive, or conclusive, in vitro cell culture and in vivo 
implantation assays are scarce [17–19]. DCC alone cannot be processed 
to hydrogels, and to this purpose pepsin has been thoroughly used to 
generate soluble and functionalizable DCC, which has been mixed with 
other polymers to form printable composite hydrogels with tissue 
regeneration purposes [20–25]. Of note, some clinical trials testing DCC 
for cartilage regenerative purposes have shown high implant-failure rate 
[26,27]. Interestingly, decellularization of in vitro cell culture-generated 
cartilage ECM shows good induction of osteochondral tissue in vivo [28], 
suggesting that the cartilage ECM may indeed be biologically active 
when properly processed during decellularization.

Our hypothesis was that a proper cartilage tissue decellularization 
method should lead to ECM with biological activity and functional 
properties in terms of induction of differentiation and regeneration. 
Therefore, the aim of this manuscript was to test and optimize multiple 

cartilage decellularization methods, characterize the resulting DCC, and 
more importantly, define their bioactive properties at in vitro cell culture 
and in vivo osteochondral regenerative applications.

According to the observed results, decellularization with enzymes 
and detergents differentially affect ECM components. SDS treated sam-
ples retain better cell-adhesion properties, which may be useful in in 
vitro cartilage studies. However, they are not useful to be processed in 
2D or 3D structures, because these structures tend to rapidly solubilize in 
physiologic media. Interestingly, Trypsin treated DCC can be processed 
to mechanically stable 2D film and 3D porous scaffolds, which makes 
them suitable for in vitro cell culture testing and in vivo implantation 
procedures. In vitro, these structures are biocompatible and induce 
chondrogenic differentiation, while in vivo, the 3D porous scaffolds 
induce subchondral bone regeneration in osteochondral defects.

2. Results and discussion

2.1. Different decellularization protocols yield DCC with different ECM 
composition

The first step in a tissue decellularization approach is selecting the 
decellularization agents. In this case, our initial target was producing 
DCC useful for generating implantable and bioactive structures. 

Fig. 1. Enzymatic and detergent treatments provide proper decellularization. A-B) Decellularization yields using different enzymatic and detergent treatment 
protocols. Inserted images indicate the visual assessment of the presence of DNA by DAPI staining (Scale 10 μm). Table indicate the treatment performed (+). 
Graphics provide quantitative DNA amount (n = 3); Dotted lines indicate the acceptable DNA amount threshold (Black, 50 ng DNA/mg of dry tissue; red, 10 ng DNA/ 
mg of dry tissue). A) Individual treatments, B) Combinations of treatments, and the nomenclature used in the further assays (C, control; T, DNase-Trypsin-EDTA; S, 
DNase-SDS; ST, DNase-SDS-Trypsin-EDTA decellularization treatments). C) Mass loss at different steps of the process (n = 3) (Decel, decellularization; Liof, liofi-
lization; Micro, Micronization). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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According to the literature, enzymes as Trypsin and DNase, and de-
tergents as SDS and TritonX-100 were previously assayed for cartilage 
decellularization, but data is limited regarding comparative studies 
among them. Therefore, the first objective of this research was testing 
the feasibility of different decellularization methods and compare the 
outcome in terms of ECM composition.

Selected enzymes and detergents were tested and decellularization 
was assessed by testing the DNA content. When decellularization was 
tested using individual treatments (Fig. 1A), none of the treatments 
reached the decellularization threshold of less than 50 ng of DNA/mg of 
dry weight, as defined by the ASTM Standard Guide F3354 for Evalu-
ating Extracellular Matrix Decellularization Processes [29]. Note that 
DNA staining images show no nuclei staining at Trypsin treatment, 
while the DNA quantification indicates presence of DNA in these sam-
ples, suggesting that DNA fragments were surely retained at ECM 
(Fig. 1A). Then, assays were performed using different combinations of 
treatments, as shown in Fig. 1B. It was observed that the combination of 
DNase with SDS or Trypsin treatments was enough to reach the decel-
lularization threshold, but not with TritonX-100 (Fig. 1B). We hypoth-
esize that the DNase treatment helped to clean the DNA released by 
Trypsin or SDS treatments, yielding a reduction of DNA in samples to the 
range of 10 ng of DNA/mg of dry weight in 3 of the decellularization 
treatments. Therefore, these combinatorial treatments were defined as S 

and T (Fig. 1B) and they were selected for further studies. The combi-
nation of detergents and enzymes in a single treatment is also common 
in literature, and therefore, the SDS-Trypsin treatment was also selected 
for further studies (defined as ST in Fig. 1B).

We recorded the weight of samples in each one of the sample pro-
cessing steps, aiming to define the mass loss in each step (Fig. 1C). 
Compared to the non-decellularized material processed as a control, the 
3 decellularization protocols induce mild mass loss. Thereafter, sample 
lyophilization induced a massive reduction in weight, in accordance 
with cartilage tissue properties, in which water contributes to up to 80 % 
of its wet weight [30].

We characterized the effect of the different decellularization 
methods on ECM by histology and quantitative techniques (Figs. 2 and 
3). Cartilage ECM is composed by a collagen network interlocked by a 
mesh of proteins and proteoglycans. Therefore, they were the target of 
the study.

In all histology images the tissue is observed as a ECM specifically 
stained from GAGs or collagen. There are also white spots, which 
correspond to cell area, and they seem empty and increased in size at 
decellularized samples. This is in accordance with the activity of the 
decellularization reagents and procedures, which not only remove the 
cells, but also affect the ECM in close-contact with the removed cells. 
Glycosaminoglycans (GAGs) measurement is relevant to define the 

Fig. 2. Decellularization treatment affects ECM components, assessed by histology and quantitative assays. A-B) Assessment of the presence of cartilage 
GAGs at decellularized samples, A) Alcian blue histology staining of decellularized tissues, (*, Blue stained ECM indicate presence of GAGs at sample. >, White areas 
correspond the area filled by cells. They are empty and enhanced at decellularized samples). B) Quantitative data of GAG amount in decellularized powders (n = 3). 
C-D) Assessment of the presence of collagens at decellularized samples, C) Sirius red histology staining of decellularized tissues, (#, Purple stained ECM indicate 
collagens at sample. >, White areas corresponding to cell spaces). D) Quantitative data of insoluble and soluble collagens present in decellularized powders (n = 3). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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integrity of ECM components after decellularization, because they can 
become soluble and be removed from ECM [31]. Data indicate a 
reduction of GAGs due to Trypsin (T) treatment and almost total 
depletion of GAGs in the doble SDS-Trypsin (ST) treatment (Fig. 2A and 
B). Previous reports already described the diffusion of GAGs out from 
cartilage tissue due to Trypsin cleavage, without apparent affectation of 
the collagen network and organization at histology [32,33]. Our his-
tology studies of collagen confirmed similar results (Fig. 2C), with 
similar histology staining at control and Trypsin treated samples (T), 
while SDS treated samples (S and ST) showed slightly reduced collagen 
staining (Fig. 2C).

However, quantification data of insoluble and soluble collagens 
showed a different scenario (Fig. 2D). Mature collagen fibrils are formed 
by a triple helix and N-terminal and C-terminal telopeptides, which are 
involved in the formation of cross-links between different collagen fi-
brils. These structures are insoluble, while soluble collagens lack of 
cross-links and telopeptides. Note that an intact triple helix is resistant to 
digestion by Trypsin, while a triple helix with disruptions, partially 
folded structures or denaturalized are sensitive to Trypsin digestion. In 
these cases, Trypsin cleaves the collagen telopeptide domains and 
therefore fibril cross-links are liberated, transforming these collagens to 
their soluble form [34,35]. In our data a reduction of insoluble collagens 
is observed at Trypsin treated samples (T), and an increase of soluble 
collagens as a consequence of their digestion (Fig. 2D).

On the other hand, SDS detergent denaturalizes collagen by unrav-
elling the triple helix of collagen, which explains the reduction of 
insoluble collagen observed at SDS treated samples (S) without 
increasing soluble collagens (Fig. 2D). According to the effects of SDS 
and Trypsin in collagens, we could expect an even higher increase in 
soluble collagens in the SDS-Trypsin treatment (ST), but data show only 
limited increase in solubilized collagens (Fig. 2D). It has been described 

that SDS interacts with Trypsin forming spontaneous Trypsin-SDS 
complex by hydrogen bonds and van der Waals forces. This molecular 
docking is dynamic, but located at Trypsin active center, affecting and 
reducing the hydrolytic activity of the Trypsin [36]. In any case, further 
proteomic studies revealed that, irrespectively of being in soluble or 
insoluble form, indeed collagens were present at all DCC samples 
(Fig. 3E).

Proteomic study helped us to define the effect of each decellulari-
zation treatment at cartilage tissue (Fig. 3). The principal component 
analysis revealed that the proteome was different in each case, and also 
different from control initial tissue (Fig. 3A). The study identified 
approximately 700 unique proteins at control cartilage tissue, which 
were reduced due to decellularization protocols, being Trypsin treated 
samples the ones showing less number of proteins (Fig. 3B). Almost 400 
of the proteins were detected in control and all DCC, suggesting all 
decellularization treatments preserved these proteins (Fig. 3C). How-
ever, the heat map showing the relative amount of each protein indicates 
that the amount of these proteins was different between treatments, and 
similar between replicas (Fig. 3D). Interestingly, the main representa-
tives of cartilage ECM, the collagens, showed similar amounts in all DCC, 
indicating the preservation of collagens in all cases (Fig. 3E). Moreover, 
other ECM proteins relevant for cartilage homeostasis also seem quite 
stable after decellularization. In example, TGFBI is an ECM protein 
relevant for cartilage homeostasis [37], while CRTL1, or cartilage link 
protein, is key in stabilizing cartilage ECM components as aggrecan and 
hyaluronic acid (HA) [38].

In all DCC, type IV collagen was underrepresented (Fig. 3E). In 
normal cartilage tissue, Laminin and type IV collagen are present at 
pericellular matrix area [39]. Laminin is a cell-adhesive glycoprotein 
relevant in tissue morphogenesis and homeostasis [40], while in com-
bination with type IV collagen, they form a network relevant to maintain 

Fig. 3. Decellularization treatment affects ECM components, assessed by histology proteomics assays. A) Principal component analysis of proteomic data. The 
analysis groups separately each treatment (n = 2 per treatment), B) Total number of unique proteins observed in each treatment, C) Venn diagram of common 
proteins observed among different decellularization treatments and compared to control initial samples, D-E) Heat map representation of, D) All detected proteins 
and, E) selected proteins including collagens and cell adhesion molecules.
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hypoxic and antiangiogenic environments in cartilage tissue context 
[41,42]. According to our results, the Trypsin treatment reduces the 
presence of type IV collagen, suggesting that the pericellular matrix is 
altered due to Trypsin decellularization process. On the other hand, 
Fibronectin is also a cell-adhesive glycoprotein, but it is ubiquitous and 
binds covalently to multiple collagens [43], thereby playing roles not 
only in cell-adhesion, but also in the organization of the cartilage 
extracellular matrix [44]. It is known that Fibronectin sensitiveness to 
Trypsin cleavage is dependent on factors such as glycosylation [45]. 
According to our data, it seems that fibronectin in cartilage ECM is 
resistant to the Trypsin decellularization treatment.

Aiming to prove the biological activity of the cell-adhesion molecules 
present at DCC, we solubilized the material in acetic acid and deposited 
it at plastic surface to allow surface coating by adsorption. For 
comparative purposes, other cell-adhesion molecules were adsorpted on 
control wells. Then, surfaces were washed and further on chondrocyte 
cell adhesion was tested on them (Fig. 4A). For these assays, ATDC5 
chondrogenic cell line was selected as a well-stablished in vitro cell 
model useful to study factors that influence cell behaviors during 
chondrogenesis [46]. Cells seeded on different treated wells were fixed 
at 24h and cytoskeleton was stained aiming to observe cell morphology 
and spreading by microscopy (Fig. 4B). This technique allowed us to 
assess cell adhesion and spreading in all conditions, but we observed 
that microscopy is not an accurate way to define these parameters due to 
the variability at cell size and spreading within each well. The Real Time 
Cell Analysis (RTCA) technique based on impedance and microsensor 

electrodes allows label-free, real-time, and continuous monitoring of cell 
adhesion because the measurement is related to the surface area covered 
by cells in the whole well. Therefore, RTCA technique was selected as an 
accurate sensitive detection method to measure cell adhesion and 
spreading in a kinetic study (Fig. 4C). As it was already described [47,
48], fibronectin coating induced the best initial chondrocyte cell 
spreading and adhesion among all the control adhesion molecules tested 
(Fig. 4D). Thereafter at 24 h, the S treatment-derived coating exhibited a 
cell behavior similar to fibronectin, while T and ST treatment-derived 
coatings show similar cell spreading than collagen 2 treated surfaces 
(Fig. 4 E). In all these cases, the cell spreading was higher than control 
non-coated plastic surface and collagen I control coating. All it suggests 
that, after decellularization protocols, biologically active adhesion 
molecules were still present at DCC samples and these molecules 
adsorpted on cell culture plastic surface helped cell adhesion and 
spreading.

In sum, DCC characterization data indicates that each decellulari-
zation agent affects the ECM in different way. Both SDS and Trypsin 
treatments reduce the insoluble collagen amounts, while the enzymatic 
activity of Trypsin treatment seems also to alter some collagens, trans-
forming them to their soluble form. Compared to SDS detergent treat-
ment, the Trypsin enzymatic treatment removes more proteins and 
GAGs, while collagens and bioactive molecules related to cell adhesion 
remain in all DCC samples.

Fig. 4. Decellularized ECM possesses biologically active cell-adhesion related proteins. A) Schematic of ECM protein absorption on cell-culture plastic surfaces 
and further ATDC5 cell line seeding, showing initial and 24 h cell-morphology and spreading, B) Confocal images of cells at different surfaces stained for actin 
cytoskeleton (orange) and Nuclei (DAPI, Blue), C-E) RTCA data, C) quantitative Kinetic cell adhesion on multiple protein-adsorption treated surfaces (The color code 
indicates the protein adsorbed in each case) (n = 3), D-E) cell adhesion at selected time points, D) at 6 h, E) at 24 h after initial cell-seeding (n = 3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Biocompatible 2D and 3D structures can be generated from Trypsin 
treated DCC powders

Once the decellularization outcomes were assessed, the further aim 
was using DCC samples to generate approaches with added value or with 
properties useful in biomedical context. Therefore, we applied multiple 

postprocessing techniques to generate 2D and 3D structures and, more 
importantly, we tested their biological activity, functional properties 
and potential specific applications.

First, we tested the ability of the different DCC to create surface 
coating materials, or films, potentially useful as in vitro cell culture 
cartilage differentiation testing platform. In this case, a DCC powder 

Fig. 5. Surface coating by films formation is feasible with Trypsin-treated DCC and it promotes in vitro cartilage differentiation. A) Schematic of surface 
coating procedure and further testing. B) Relationship between used DCC amount and formed film thickness (n = 3), C) Quantification of film thickness after 28 days 
incubation at 37 ◦C and 5%CO2 (data normalized to film thickness at day 0) (n = 5), and inserted images of films stained with Alcian Blue as representative of film 
stability or dilution. D) Representative AFM image showing the surface roughness of T films and their average roughness measurement (n = 6). E-H) cell culture 
studies on Trypsin-obtained DCC films (T). E-F) Time-course studies of, E) Cell morphology and viability observed by CalceinAM, a viable cell-permeant green- 
fluorescent dye. Dead cells are observed by EtBr red-fluorescent nuclear staining. Surface roughness is provided by superposition of the transmitted-light image. F) 
Quantification of cell metabolic activity at different time point by (Resazurin-Resorufin fluorescence assay). G-H) Gene expression study of selected cartilage markers 
at cells cultured 21 days on control plastic surface or Trypsin-obtained DCC films (Data normalized to plastic grown cells) (n = 3), E) Cells cultured at control media, 
F) Cells cultured at cartilage differentiation media. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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suspension was created using acetic acid, then it was deposited on cell 
culture wells and finally films were generated by dehydration (Fig. 5A). 
Film characterization studies revealed that film thickness was depen-
dent on the amount of DCC deposited (Fig. 5B). DPBS was added on the 
DCC films and samples were incubated at 37 ◦C for 28 days (Fig. 5C). 
Data indicates that DCC films from Trypsin decellularization (T) were 
stable in these conditions, with presence of GAGs at them (see blue color 
at inserted images). These samples also show a surface roughness 
measured as 0.66 μm (SD 0.17 μm) (Fig. 5D). However, the films from 
SDS treatments (S and ST) were not stable and they partially dissolve 
during the assay, which leads us to discard them for further studies. 

Therefore, ATDC5 cells were seeded on T films and tested. Fig. 5E shows 
attached viable (Green) cells at material surface and further prolifera-
tion of them until cell confluence, which was reached at day 7 in the 
tested culture conditions and is in accordance with viable cell meta-
bolism quantification study (Fig. 5F). Some red nuclei staining indicate 
the presence of some dead cells in all timepoints, which is the standard 
in this cell line. For long term cell culture and gene expression studies, 
cells were seeded on control plastic surfaces or DCC T films (Fig. 5G and 
H) and cultured in control media (Fig. 5G) or chondrogenic induction 
media (Fig. 5H). After 21 days in control media, and compared to con-
trol surface, ATDC5 cells grown on T films show increased expression of 

Fig. 6. Stable solid foam porous scaffolds can be obtained by freeze-drying the Trypsin-obtained (T) DCC. A) Schematic of DCC powder solubilization and 
freeze-drying. B-C) SEM and gross morphology of porous solid foam scaffolds (15 mg/ml) and their appearance after being in contact with DPBS, or C) Cell culture 
media. D-G) Trypsin-obtained (T) DCC-based scaffold material characterization, D) SEM images of scaffolds fabricated from DCC at different concentrations. E) 
swelling ratio depending on the composition of the freeze-dried solution (n = 3), E) Rheology of hydrated samples on the composition of the freeze-dried solution (n 
= 3 to 6). F) Stability of scaffolds (15 mg/ml) in DPBS and at treatment with collagenase (n = 3). Data were similar when cell culture media was used.
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Runx2 transcription factor and Collagen 2 extracellular matrix compo-
nent (Fig. 5G). Therefore, our data suggests that DCC components at T 
films can induce chondrogenic differentiation by stimulation of the 
expression of Runx2 transcription factor. It has been already reported 
that multiple ECM-derived signaling may converge to stimulate Runx2, 
while at ATDC5 cells, Runx2 induces chondrogenesis [49]. On the other 
hand, when cells were cultured with chondrogenic differentiation media 
(Fig. 5H), T films induce in cells higher expression of Sox9 transcription 
factor compared to the control surface. Precisely, Sox9 is related to 
chondrocyte maturation and induces the degradation of Runx2 [50,51].

In sum, film formation study suggests that Trypsin decellularization 
yields a DCC able to be dissolved to form surface coatings by dehydra-
tion, which are stable at cell culture conditions. These surface coatings 
are biocompatible in terms of cell adhesion and proliferation, and they 
induce chondrogenic differentiation.

The further step was defining potential approaches to generate 
biocompatible and potentially implantable 3D structures. For this aim, 
DCC powder suspension was created using acetic acid and samples were 
freeze-dried. As a result, porous solid foam scaffolds were created 
(Fig. 6A and B). Similar to the outcome observed at film formation 
strategy, when these scaffolds were incubated in DPBS, only the samples 
from Trypsin obtained DCC (T) retained the mechanical integrity, while 
those scaffolds made from SDS obtained DCC samples (S and ST) tend to 
fully dissolve (Fig. 6B). The stability of T scaffolds was also confirmed in 
cell culture media and 37 ◦C for 28 days (Fig. 6C), so T samples were 
used for further studies. First, we assessed porous structure of the ma-
terials fabricated using different concentrations. It could be expected 
increased porosity at low material concentration and more packed 
structure at higher concentrations, but SEM images were not conclusive 
in this sense (Fig. 6D) so we proceed to perform further testing with 
materials of different concentrations.

The swelling ratio is defined as the fractional increase in the weight 
of samples due to water absorption. Fig. 6E shows at low collagen 
concentrations, 15 mg/mL or less, the water absorption capacity in-
creases as the collagen concentration increases. This is because the 
triple-helix structure of collagen allows it to form a three-dimensional 
network that can trap and retain water molecules. The higher the 
collagen concentration, the more extensive and dense this network be-
comes, which can enhance the scaffold’s ability to absorb and retain 
water. However, at collagen concentrations higher than 15 mg/mL, the 
water absorption capacity decreases, likely due to the difficulty in 
creating a homogeneous porous scaffold with well-defined and uniform 
pores because of the low solubility of collagen at high concentrations in 
acetic acid.

The storage modulus is a parameter used to describe the elastic 
behavior of scaffolds, particularly in the context of viscoelastic mate-
rials. It provides insight into the scaffold’s ability to store and release 
energy during deformation, reflecting its stiffness and elastic properties. 
It can be observed in Fig. 6F, that at low concentrations, water ab-
sorption helps maintain the elasticity and flexibility of the samples. 
However, the storage modulus value decreases dramatically at higher 
collagen concentrations, likely due to the low swelling ratio or water 
absorption capacity of the samples.

Therefore, 15 mg/mL T scaffolds were selected to further studies and 
incubated with or without collagenase (Fig. 6G). Solid foam scaffolds 
were stable at DPBS, but show a rapid digestion due to collagenase, 
suggesting that the 3D structure is maintained by collagens (Fig. 6G).

The next research step was testing materials in cell culture context, 
and therefore, assays were first corroborated in cell culture media 
context. Specifically, 15 mg/mL T scaffolds were tested. As previously 
mentioned, they retain the mechanical integrity during 28 days in cell 
culture media and conditions (37 ◦C and 5 % CO2) (Fig. 6C). Interest-
ingly, and compared to data shown in Fig. 6G, the swelling ratio in cell 
culture media was slightly lower (8,75 SD 2,4), which induces a slower 
collagenase digestion kinetic due to lower penetration of media at 
scaffold structure. In any case, materials in culture media were also fully 

digested by collagenase after 10h of digestion testing.
Cell culture studies show cells attached and proliferating on Trypsin- 

obtained DCC scaffolds (Fig. 7A). At day 1, individual cells were spread 
at material inner and outer surfaces, while at day 7 cells covered the 
whole material. This data indicate that the material components are 
biocompatible, corroborating the biocompatibility observed at material 
films (see Fig. 5E–G). In scaffolds, cells not only adhere and grow at 
material surface, but also colonize the inner part of the structure 
(Fig. 7A–D-E) due to the ingrowth of the cells through the porous scaf-
folds (See SEM images at Fig. 6). Therefore, the outcome is a 3D culture 
of cells on, and inside, the solid-foam material (Fig. 7A–D-E). Similar to 
experimental performed at film formation studies (Fig. 5), here cell- 
seeded scaffolds were incubated in control media or chondrogenic dif-
ferentiation media for 21 days, and gene expression data were compared 
to cells grown on plastic control surface (Fig. 7B and C). In this case, at 
any condition cells at scaffolds expressed higher amount of Sox9, which 
is the master regulator of chondrogenesis, and collagen 2, which is a 
cartilage-specific ECM component. Histology study of samples (Fig. 7D 
and E) indicate that, at control media (Fig. 7D), cells were colonizing the 
whole material structure, but they did not undergo terminal cartilage 
differentiation, as observed by mild blue color staining corresponding to 
cartilage tissue GAGs. That suggests that signals at DCC scaffolds 
induced early cell differentiation, but they are not enough to induce 
proper terminal differentiation. Conversely, scaffolds cultured in dif-
ferentiation media (Fig. 7E) not only showed cells at the whole material 
structure, but also their conversion to chondrogenic phenotype with 
rounded shape and bigger size. They generated high amount of GAG- 
containing extracellular matrix, observable as deep blue GAG staining 
at the whole 3D structure, and more evident at surfaces, all it compatible 
with terminal cartilage differentiation at DCC scaffolds.

These data encouraged us to test the behavior of scaffolds in an in 
vivo regenerative approach. For this aim, rabbit osteochondral critical- 
size defect was selected as implantation model (Fig. 8A). Samples 
were implanted and then harvested after 3 months. There were no 
complications during implantation period, and at sample harvest, it was 
observed no abrasions on the surrounding articular cartilage surfaces 
and no inflammation of the synovial membranes. At endpoint, the im-
plantation area was filled and opaque, suggesting tissue formation 
within the defect, while the surface was smooth but irregular (Fig. 8A). 
Computed tomography (CT) images showed trabecular bone formation 
at defect area and again irregular tissue structure at bone surface 
(Fig. 8B), which was confirmed at histology (Fig. 8C–F).

Histology shows proper trabecular subchondral bone formation at 
implanted samples, suggesting the implanted DCC scaffolds drive proper 
bone formation (Fig. 8E and F). Bone tissue regeneration relays mainly 
on endochondral ossification, a physiological bone formation process in 
which an initial cartilage callus formation leads to further formation of 
bone tissue. It has been previously suggested that the implantation of 
DCC may help to bone formation by mimicking the initial steps of bone 
regeneration [52]. In this case, the DCC implantations provided carti-
lage ECM at defect area available for tissue regeneration, and therefore, 
it would explain how the implanted material boosted endochondral 
ossification and therefore facilitated bone formation.

In terms of cartilage tissue, and compared to staining of healthy 
control hyaline cartilage tissue (Fig. 8D), the staining of implanted 
samples show mainly fibrocartilage tissue with reduced tissue-specific 
staining and no hyaline cartilage morphology (Fig. 8E and F). The 
newly formed tissue showed some areas of chondrocyte clusters for-
mation (Fig. 8E and F). These clusters are usually observed in patho-
logical cartilage diseases at experimental osteochondral implantation 
approaches, and they have been previously reported as areas of initial 
cartilage regeneration [53]. The ISCR scoring method provides values 
from 0 to 3 to the mentioned visual appreciations (‘surface’, ‘matrix’, 
‘cell distribution’, ‘cell population’, ‘subchondral bone’ and ‘cartilage 
mineralization’). Therefore, the extend of obtained regeneration was 
quantified by sample scoring (Fig. 8C).
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Clinically routinely used cartilage reparative and restorative sur-
geries, including microfracture, drilling, abrasion arthroscopy, and even 
autologous chondrocyte implantation, are techniques to restore knee 
articular lining by forming fibrocartilage tissue covering the damaged 
area [54]. Fibrocartilage possesses limited mechanical loading proper-
ties and degrades with time, and that is why the field requires new 
cartilage regeneration procedures which ideally, should lead to the 
regeneration of articular cartilage. Altogether, our results indicate that 
the implanted DCC material induces subchondral bone formation but 
failed to regenerate hyaline cartilage, while it formed fibrocartilage, 
which is a reparative tissue already achievable with conventional clin-
ical techniques.

3. Conclusions

In this work we were aiming to generate DCC potentially useful in 
biomedical context, and therefore, with biological activity and func-
tional properties in terms of induction of differentiation and regenera-
tion. First, we tested multiple cartilage decellularization methods to 
define the best approach to obtain DCC. Enzymatic and detergents-based 
decellularization methods differentially affect ECM components, and 
this had consequences in further biological behavior. In our research, 
SDS-treated DCC powder are not useful to be further processed in 2D or 
3D structures, because these structures tend to rapidly solubilize, or 
disaggregate, in physiologic media conditions. Conversely, Trypsin not 
only decellularized but also partially digested tissue collagens, which 
may be related with the ability of the resultant DCC to be further pro-
cessed to mechanically stable 2D films and 3D porous scaffolds. In vitro, 
these structures are biocompatible and induce and potentiate chondro-
genic differentiation, while in vivo, the 3D porous scaffolds induce 
subchondral bone regeneration and fibrocartilage tissue formation after 
implantation in rabbit osteochondral defects. Therefore, this work 

defines an optimal cartilage tissue decellularization protocol able to 
generate DCC powders processable to biocompatible-bioactive 2D and 
3D structures. These structures are useful for in vitro cartilage research 
and in vivo subchondral bone regeneration, while hyaline cartilage 
regeneration with DCC as implantable material remains elusive. As po-
tential further steps to ameliorate these results, we envision that adding 
to the structure some cartilage and bone inducing growth factors during 
material fabrication step may potentiate its tissue regeneration ability. 
Alternatively, improvements to the 3D fabrication technique are also 
feasible, including the assessment of hydrogel forming ability of DCC.

4. Materials and methods

4.1. Cartilage tissue and decellularization

Porcine articular cartilage was extracted postmortem from Dalland 
Hybrid males/female pigs, weighing between 18 and 22 kg, and previ-
ously used in teaching purposes at Biogipuzkoa HRI animal house. The 
Porcine articular cartilage was maintained frozen at − 20 ◦C until 
needed.

For decellularizations, first the cartilage was cut into small pieces of 
around 1 cm3. Then the material was subject to 7 cycles of deep in liquid 
nitrogen and thaw. At this point, samples were divided to be treated 
with different compounds. For EDTA (E9884, Sigma-Aldrich, USA) 
treatment, (0.25 % w/v) was incubated for 30 min at RT in agitation. For 
Trypsin-EDTA treatment (25050-014, Sigma-Aldrich, USA), 30 min a 
37 ◦C in agitation. For SDS treatment, a 2 % SDS (AM9822, Thermo 
Fisher, USA) was used, 4h at RT in agitation. For Triton X100 treatment, 
1 % Triton X100 (T9284, Sigma Aldrich, USA) diluted in PBS and 
treatment was 4 h at RT in agitation. For DNase treatment, 300unit/ml 
of DNAsa I (11284932001, Sigma-Aldrich, USA) were used, 24 h at 37 ◦C 
in agitation. Each protocol was followed by 3 PBS (524650, Merk life 

Fig. 7. Freeze-dried Trypsin-obtained (T) DCC scaffolds support in vitro chondrogenic differentiation. A) Confocal microscope imaging of Actin cytoskeleton 
staining (red fluorescence) at day 1 and day 7 after cell-seeding on T scaffolds, and quantification of cell density. B-C) Gene expression study of selected cartilage 
markers at cells cultured on control plastic surface or at Trypsin-obtained DCC scaffolds (Data normalized to plastic grown cells) (n = 3), B) Control media, C) 
Cartilage differentiation media. D-E) Alcian blue histology staining of cell-seeded Trypsin-obtained DCC scaffolds after 21 days of culture in, D) control media or E) 
chondrogenic differentiation media. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. DCC scaffold implantation at rabbit osteochondral defect yields subchondral regeneration and fibrocartilage formation. A) Empty defect created at 
surgery, and gross morphology of tissue at sample harvest (3 months from surgery, red arrowheads indicate the limits and location of the defect), B) Overview images 
of DCC-implanted defects. At left, a computed tomography (CT) image of a sample after being harvested (Red square indicates the defect area). At right, histology 
image (Black square indicates the defect area), (TM, Massons Trichrome collagen staining. Green corresponds to normal cartilage or fibrocartilage, Red corresponds 
to bone tissue) C-F) Histology assessment using different staining (PAS, Periodic acid–Schiff staining. Purple indicates proteoglycans staining; SF-O, Safranin-O 
staining. Red indicates proteoglycans staining; TM, Massons Trichrome collagen staining; H&E, Hematoxilin and eosin staining. pink for ECM and purple for cell 
nuclei). C) Quantification of visual assessments by ICRS assessment scale (Healthy, Healthy control tissue samples; DCC, DCC scaffold-implanted samples; Ø, samples 
from empty defects group). D) representative images of staining at healthy control tissue samples E-F) Representative images of staining at DCC-filled samples. (#, 
hyaline cartilage; * Subchondral bone; ◇ Fibrocartilage; > chondrocyte clusters). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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science, SL) washes. These protocols were tested individually or 
sequentially in different combinations following this order. At this point, 
some decellularized tissue pieces were kept for histology studies and the 
rest were lyophilized for 24 h, micronized using a mixer mill (Retsch 
MM400, Haan, Germany), the samples were introduced in the cartridges 
containing a metal ball and submerged in liquid nitrogen for 3 min, this 
was followed by 4 min of 30 agitations/second. In each step, sample 
weight was recorded using a precision conventional balance. Micronized 
powders were stored in a desiccator to avoid moisture until be used.

4.2. Characterization of DNA, GAG and collagen at decellularized 
samples

Decellularized tissue pieces were fixed in formalin 10 % (HT501128- 
4L, Sigma-Aldrich, USA) overnight and washed thrice in PBS. For DNA 
staining, samples were embedded in OCT tissue freezing medium and 
blocks were frozen at − 20 ◦C for storage. Frozen samples were cut into 6 
μm slides (Leica CM3050 cryostat) and then slides were stained with 1 
μg/mL DAPI for 10 min, followed by 2 PBS washes and imaging at 
fluorescence microscope (Leica DMI6000 B). For GAG and collagen 
staining, samples were embedded in paraffin and cut into 4 μm sections 
following standard protocols [55]. Then slides were stained for GAG 
visualization with Alcian blue and hematoxylin (ab150662, Abcam, USA 
and 05-M06015, Bio-optica, It) and for collagen visualization with Pico 
Sirius red and fast green (9046, Chondrex, USA), following standard 
protocols [56]. Images were obtained using an optical microscope.

Decellularized micronized powders were used to quantify multiple 
parameters in the samples. For DNA quantification, 10 mg of powder 
were used, and DNA was extracted from using The PureLink Genomic 
DNA Mini Kit (K182001, Thermo Fisher, USA) and resulting DNA was 
quantified using the NanoPhotometer N60 (Nanodrop). For the GAG 
quantification the biocolor Sulfated glycosaminoglycan assay kit was 
used (B1000, Biocolor, UK); For soluble collagen quantification the 
Sircol soluble collagen assay kit was used (S1000, Biocolor, UK) and for 
the insoluble collagen quantification the Sircol insoluble collagen assay 
kit was used (S2000, Biocolor, UK), in all cases following the manu-
facturer instructions. All data are provided normalized to mg of powder 
tissue.

4.3. Characterization of proteins at decellularized samples

Proteins were extracted from decellularized powders using a mixture 
of 7 M urea, 2 M thiourea, 4 % CHAPS, and 5 mM DTT and then digested 
following the filter aided FASP protocol described by Wisniewski et al. 
with minor modifications [57]. Briefly, Trypsin was added to a Trypsin: 
protein ratio of 1:20, and the mixture was incubated overnight at 37 ◦C, 
dried out in a RVC2 25 speedvac concentrator (Christ), and resuspended 
in 0.1 % formic acid (FA). Peptides were desalted and resuspended in 
0.1 % FA using C18 stage tips (Millipore).

Samples were analyzed on a timsTOF Pro with PASEF (Bruker Dal-
tonics) coupled online to an Evosep ONE liquid chromatograph (Evo-
sep). A total of 200 ng was directly loaded onto the Evosep ONE and 
resolved using the 30 sample-per-day protocol.

Protein identification and quantification were carried out using 
MaxQuant software [58] using default settings except for the match 
between runs (match time window of 5 min, alignment tie window of 20 
min) and an LFQ min. ratio count of 1. Searches were carried out against 
a database consisting of human and mouse protein entries (Uni-
prot/Swissprot), with precursor and fragment tolerances of 20 ppm and 
0.05 Da. Only proteins identified with at least two peptides at FDR<1 % 
were considered for further analysis. LFQ intensities were used for 
further analyses and loaded onto the Perseus platform [59]. The mass 
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium with the dataset identifier PXD050583.

Data were loaded onto the ClustVis web tool for the visualization and 
clustering of multivariate data using principal component analysis 

(PCA) [60]. Data were loaded to MetaboAnalyst [61] to be normalized 
and statistically analyzed. Partial least squares discriminant analysis 
(PLS-DA) was used to get the variable importance in projection (VIP) 
and differentiate the groups. It was used to select and extract data of the 
relevant specific proteins from the whole database. Venny diagrams was 
generated using online the tool (https://bioinformatics.psb.ugent. 
be/webtools/Venn/)All the results were represented using Graphpad 
Prism software.

4.4. Characterization of presence of biologically active adhesion 
molecules at decellularized samples

Decellularized powders were diluted in acetic acid 0.5 M (1 mg DCC/ 
ml of Acetic Acid 0.5 M), stirring 24 h at RT. Fibronectin (F0895-1 MG, 
Merk, USA), collagen I P0245, Merk, USA) and collagen II (C7806-5 MG, 
Merk, USA) powders were prepared in acetic acid 0.5 M (1 mg/mL). 100 
μl of each dilution was added at different wells of glass surfaces (81817, 
μ-Slide 18 Well Glass Bottom slides, ibidi, Germany) for microscopy 
studies or 16 well-electronic plates (6465382001, Agilent, USA) for 
RTCA studies, and they were incubated for 1 h at RT before being 
removed and wells washed with PBS.

For imaging cell morphology, ATDC5 cells were seeded at 1,5 × 105 

cell/cm2 on 12-well chamber slides (154534, Nunc) previously treated 
with adhesion molecules as described above, and cultured in DMEM/F- 
12 Complete warm media. At 24 h of incubation at 37 ◦C and 5%CO2, 
cells were fixed 30 min using formalin 10 % followed by a PBS wash. 
Cytoskeleton was stained using ActinRed 555 (R37112, thermos fisher, 
USA) following the kits protocol. DAPI was used by adding 1 μg/mL 
DAPI for 10 min, followed by 2 PBS washes. Then, confocal images were 
recorded in a Zeiss LSM 880 confocal laser scanning microscope, 
equipped Plan-Apochromat 10 × (0.45 N. A.) and Plan-Apochromat 20 
× (0.8 N. A.) objectives. Z-stacks (ca. 50 μm thick) were obtained when 
required.

The RTCA (Real Time Cell Assay) equipment detects the electron 
flow between the electrodes located at the bottom surface of the 
microwells. The adhesion of the cells at the bottom of the wells impedes 
the electron flow and an impedance signal is given as a cell index data 
(CI). The magnitude of the signal depends on the cell number, cell size/ 
morphology, and cell-substrate attachment quality. Thus, the RTCA 
provides a real-time sensitive detection of cell adhesion and cell prolif-
eration. In order to perform RTCA assays. For RTCA assays, 100 μL of 
DMEM/F-12 (10565018, Thermo Fisher, USA) cell culture media was 
added to each well, the 16 well-electronic plates were introduced in the 
xCELLigence RTCA DP equipment (00380601050, Agilent, USA) and an 
initial background reading was performed. 100 μL of ATDC5 cells 
(CVCL_3894) suspension at 50.000 cell/mL was added to each well and 
plates were incubated at room temperature for 30 min before starting 
the continuous recording of impedance as previously described [62]. All 
the measurements by the RT-CES were performed inside an incubator at 
37C and in a humidified atmosphere of 5%CO2. The impedance was 
recorded every 5 min for a duration of 8 h to capture the short-term 
response, followed by measurements every 15 min for 24 h to capture 
the long-term response. The Cell Index (CI) was derived according to the 
following equation: 

CI= max
i=1,…,N

(
Rcell(fi)

Rb(fi)
− 1

)

where Rcell (fi) and Rb (fi) are the frequency-dependent electrode 
resistances with or without cells, respectively, and N is the number of the 
frequency points at which impedance is measured. The normalized cell 
index at a given time point was calculated by dividing the cell index at 
the time point by the cell index at a reference time point. Cell index data 
were plotted related to cell culture time.
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4.5. Generation and characterization of 2D film structures

This procedure was adapted from previous reports, in which coatings 
were formed from adipose derived ECM [63]. Here, DCC powders were 
dissolved in acetic acid 0.5 M for 24 h at RT in various concentrations 
(7.5 mg/ml, 10 mg/ml and 15 mg/ml). Then, each solution was used to 
create films of different thickness by layering a 500 μl of each solution on 
wells of 12 well cell culture plates (CLS356500, Sigma Aldrich, USA) or 
glass surfaces (BPD014, Auxilab, France) and drying it a RT, followed by 
overnight sterilization inside a cell culture hood using UV light.

For measuring thickness, after the dehydration, a line was scratched 
on the material. The atomic force microscopy (AFM, JPK NanoWizard II, 
JPK Instruments AG, Bruker) was used to map the topography of the 
coating and analyze the thickness of the layer in different material 
concentrations. Thickness data were plotted related to the amount of 
decellularized material used to form each film. Based on AFM images, 
Roughness Average was calculated by Roughness Analysis routine of the 
WSxM freeware scanning probe microscopy software.

The coating degradation was studied by adding DPBS (14040, Gibco, 
UK) and keeping the material at 37 ◦C and 5 % CO2, for 28 days. Then, 
samples were cleaned in water and allowed to dry before being pro-
cessed for AFM study as described above. Data are represented 
normalized to the thickness of the initial dry films.

4.6. Cell culture studies on 2D films

ATDC5 cells were seeded on DCC films formed on glass surfaces 
(81817, μ-Slide 18 Well Glass Bottom slides, ibidi, Germany) at 15,000 
cell/cm2 and cultured in DMEM/F-12 Complete warm media. At 24 h of 
culture, cells were processed for Actin-Nuclei staining and confocal 
image recording as described above.

For cell viability imaging, cells were treated with two reagents. 
Calcein-AM is a non-fluorescent molecule, which is converted to green- 
fluorescent calcein inside viable cells due to the activity of intracellular 
esterases. Besides, Propidium Iodide is a red-fluorescent nuclei staining 
dye which cannot pass through a viable cell membrane. Films were 
formed on glass surface 12 well plates (CLS356500, Sigma Aldrich, USA) 
dried at RT and sterilized by UV irradiation, followed by seeding of 4 ×
105 ATDC5 cells/well. Then, they were cultured for 1, 4 and 7 days at 
37 ◦C and 5%CO2. The media was replaced by warm DMEM:F12 media 
containing 10 μg/ml Propidium iodide (V13242, Invitrogen) and 2.5 μg/ 
ml Calcein-AM (56496, Merck) and incubated for 30min at 37 ◦C and 5% 
CO2. Then, live images with a 20× objective were acquired in a Zeiss 
lsm880 confocal microscope.

For cell viability quantification, resazuring-based viability assay was 
conducted. In this assay the intracellular reduction of the non- 
fluorescent blue resazurin by the mitochondrial respiratory chain in 
live cells to pink-fluorescent resorufin is measured. Films were formed 
on 96 well plates (153596, Teknovas), dried at RT and sterilized by UV 
irradiation, followed by seeding of 1 × 105 ATDC5 cells/well. Then, they 
were cultured for 1, 4 and 7 days at 37 ◦C and 5%CO2. The media was 
replaced by warm DMEM:F12 media containing 1/10 of the Deep Blue 
Cell Viability reagent (Biolegend, 424701) and incubated for 4h at 37 ◦C 
and 5%CO2. Then, 100 μl of supernatant was transferred to triplicate 
wells in a clear bottom-black 96 well plate (3603, Corning) and the 
fluorescence was measured in a plate spectrophotometer (GeniosPro, 
Tecan) at the ex/em wavelength of 535/590 nm. Results were normal-
ized to the measurement of the control sample (wells without films).

For cell differentiation studies, cells were seeded as described above 
on 2D films or control cell culture wells and cultured in control media or 
Mesencult ACF chondrogenic differentiation medium for 21 days. The 
Monarch total RNA miniprep kit for RNA extraction and Nanodrop was 
used to test the quality. For Quantitative Real-Time PCR (qPCR) assay, 
primers for target genes were purchased at Merck, Custom DNA Oligos 
website. RNA was reverse transcribed to cDNA and prepared for RT-PCR 
reaction using the GoTaq(R) 2-Step RT-qPCR kit (A6010, Promega 

Biotech Iberica, SP) and based on the manufacturer’s indications. RT- 
PCR reaction was performed using a CFX Connect Real-time PCR 
detection system (Biorad, USA) and differential gene expression was 
calculated by using the 2− ΔΔCt method. Gene expression levels of target 
genes were measured by normalization to the housekeeping gene 
GAPDH exploiting control samples as calibrators. Data are provided 
normalized to data of cells seeded in control cell culture standard plastic 
surface. All the reactions were conducted in triplicates.

NAME SEQUENCE 5’–3′ Tm GC Content (%)

Gapdh-F ATGACATCAAGAAGGTGGTG 60 45.00
Gapdh-R CATACCAGGAAATGAGCTTG 59,7 45.00
Col2a1-F ACTGGTAAGTGGGGCAAGAC 62,9 55.00
Col2a1-R CCACACCAAATTCCTGTTCA 63,4 45.00
Runx2-F GGACTGTGGTTACCGTCAT 66,7 52.63
Runx2-R GGAGGATTTGTGAAGACTGTT 66,6 42.86
Sox9-F GAGGAAGTCGGTGAAGAACG 63,8 55.00
Sox9-R CTGAGATTGCCCAGAGTGCT 64,6 55.00

4.7. Freeze dried 3D scaffold formation and characterization

DCC powders were dissolved in acetic acid 0.5 M for 24 h at RT at 15 
mg/mL concentration. The solution was freeze-dried for 24 h. Pictures 
were obtained from dry samples and samples immersed in PBS for 2 h.

A sputter coater (Alto 1000, Galan) was used to coat the sample’s 
surface with gold/palladium before their visualization in JSM-6490LV 
(JEOL) scanning electron microscope (SEM) equipment with a 10/15 
kV acceleration voltage.

Rheological experiments were carried out in a parallel-plate geom-
etry (200 mm diameter with a 1,2 mm gap) of a Discovery HR20 
rheometer (TA Instruments, New Castle, Denver, CO USA). Samples 
were immersed in water for 10 min for hydration and then deposited on 
the rheology equipment. Oscillatory rheology (n = 5) was used to 
measure the rheological properties of scaffold after hydration. Mea-
surements were performed at room temperature in constant deformation 
control mode over a range frequency from 0,01–10 Hz [64].

Swelling properties of the solid foam scaffolds were determined by 
water absorption (n = 3). Lyophilized foams weight was recorded (Wd) 
before adding distillate water for 24 h until maximum hydration. The 
excess liquid was carefully removed, and wet weight recorded. The mass 
swelling ratio (S) was determined. 

S=
Ws − Wd

Wd 

In vitro degradation test of the scaffold was performed by measured 
weight of the materials (n = 5) before and after the incubation. The 
samples were incubated at 37 ◦C in DPBS or DMEM/F-12, and with or 
without 0,01 % collagenase (C0130, Sigma Aldrich, USA). After the 
indicated incubation periods, samples were removed from de solutions, 
dried in vacuum and weighed.

4.8. Cell culture studies on 3D freeze-dried scaffolds

For cell culture studies, DCC freeze-dried scaffold pieces was trans-
ferred to a 48-well plate well (3548, Costar, USA) and injected with 30 
μL of a ATDC5 cell dilution, trying to seed evenly all around the sample, 
resulting in 250,000 cells seeded per sample. Cell-seeded samples were 
incubated at 37 ◦C and 5 % CO2 for 1 h in a Forma Steri-cycle CO2 
incubator (Model 381 Thermo Scientific, USA), then covered with cell 
culture media for further studies.

Imaging of seeded scaffolds was carried out as described above, by 
fixing the samples in formalin 10 %, staining of the cytoskeleton and 
nuclei and confocal Z-stacks (ca. 50 μm thick) imaging.

For long-term cell cultures, cell-seeded samples were cultured for 21 
days in complete warm media or Mesencult ACF chondrogenic differ-
entiation medium. Gene expression studies were conducted as described 
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above. Samples were paraffin embedded and processed for GAG staining 
by Alcian blue as described above.

4.9. In vivo implantation studies with 3D freeze-dried scaffolds

This manuscript follows the ARRIVE guidelines for full and trans-
parent reporting of research involving animals. For in vivo studies, all 
animal handling and experimental procedures were previously 
approved by the Animal Care and Use Committee of Hospital Clínico San 
Carlos and competent authority at Comunidad Autonoma de Madrid 
(Authorized animal experimental project reference: PROEX 013.6/22; 
approval date 18–11–2021; title “development of in vivo implantable 
experimental approaches for regenerative medicine, stem cell biology 
and disease modelling purposes”), according to the EC guidelines for 
ethical care of experimental animals. The selected surgical procedure 
was the critical size osteochondral defect in rabbit femoral condyle. The 
animals were randomly allocated to the following groups: 1- Critical size 
defect empty, 2- Critical size defect filled with DCC scaffold. The sample 
size was established at n = 3 per group according to the primary 
outcome measure (histology). A total of 3 animals were used, with 2 
implants per animal (right and left femur heads). New Zealand White 
rabbits (weight 3–3.5 kg) were treated with an intramuscular injection 
of xylazine (RompumVR) (3 mg/kg), ketamine (KetolarVR) (80 mg/kg) 
and atropin sulfate (Atropina BraunVR) (1 mg/kg). The knee regions 
were then shaved and disinfected. A medial parapatellar incision was 
made on the bilateral knee joint. The dissection continued until the 
medial femoral condyle was exposed. A 4-mm diameter defect to a depth 
of 5 mm centered on the medial femoral condyle was created using a 
surgical drill bit. Free-dried scaffold samples were reconstituted in PBS 
and were placed tightly within the defect site to ensure a perfect filling 
of the defect. After scaffold implantation, knee joint synovium, capsule 
and skin were carefully sutured separately. Animals were allowed free 
movement and fed a standard diet ad libitum after surgical procedure. 
Animals were euthanized by intravenous injection of 100 mg/kg of so-
dium pentobarbital. Knee joints were exposed, samples were harvested, 
images were obtained, and samples were fixed in 4 % formalin.

For histological evaluation, specimens were decalcified, paraffin 
embedded, and sectioned at 4 μm thick sections. Conventional staining 
was conducted with hematoxylin-eosin staining; collagen staining 
(Masson’s trichrome); and Proteoglycan staining (Safranin O and PAS). 
All histological processing was performed by “Micros veterinaria SL” 
histological services (https://microsvet.es/). Images were obtained 
using a routine inverted microscope coupled with camera.

Images were evaluated following the ISCR scoring method [65] 
which provides values from 0 to 3 to the following visual appreciations: 
‘surface’, ‘matrix’, ‘cell distribution’, ‘cell population’, ‘subchondral 
bone’ and ‘cartilage mineralization’.

4.10. Statistics

All data were plotted and statistically analyzed using the GraphPad 
Prism software (La Jolla, CA, USA). In all cases, data normality was 
verified using the Shapiro–Wilk test and a normal QQ plot was assessed 
before statistical analysis using parametric tests (t-test, ANOVA) and 
Tukey’s multiple comparisons tests. Data are presented as mean ± SD, 
and each individual point is provided in the plots. Additionally, the n 
number of each assay is provided in the figure legends. P values of less 
than 0.05 were considered statistically significant (ns p > 0.05; *p <
0.05; **p < 0.01; ***p < 0.001).
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