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Abstract
Background: The limitations associated to current therapies for articular cartilage repair led us to develop new 

strategies of applicable active therapeutic materials. Human mesenchymal stem cells from bone marrow are promising 
relevant cell sources for cell therapy and regenerative medicine, in particular for cartilage repair. Recently, a new 
source of non-mammalian collagen type II emerged and represents a promising tool for cartilage tissue engineering.

Methods: To develop a new therapeutic implant for cartilage repair, we combined (i) jellyfish collagen type II as 
an implant; (ii) active nanoreservoirs of growth factors (TGF-β3); (iii) adult human mesenchymal stem cells derived 
from bone marrow.

Results: Our results indicated clearly that (i) the jellyfish collagen type II implant leads to chondrogenic 
differentiation of mesenchymal stem cells; (ii) the combined implant and active therapeutic TGF-β3 as nanoreservoirs 
lead to chondrogenic gene expression and cartilage differentiation.

Conclusion: We reported here a new stem cell - based therapeutic active implant for cartilage repair. This 
approach combines jellyfish collagen type II, human stem cells and TGF-β3 as a therapeutic implant to improve 
cartilage differentiation and repair.
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Background
Articular cartilage has very limited capacity of regeneration due 

to a lack of cells and vascularization. Current therapies treating focal 
cartilage lesions focus on the use of autologous chondrocytes and 
the use of biomaterials (alginate, collagen I, collagen III) as matrices 
supporting cell proliferation and differentiation (MACI, matrix-induced 
autologous chondrocyte implantation) [1,2]. These materials, of natural 
or synthetic origin, are used as hydrogels or porous sponges. In the 
clinic, the collagen is used as a membrane shape and is always originating 
from mammalian such as bovine or porcine: Chondro-Gide® AMIC®, 
(Porcine collagen type I and III, Geistlich) [3], Novocart® 3D (Bovine 
collagen type I and III) [4], CaReS® (Rat collagen I, ArthroKinetics AG) 
[5], MACI® (Porcine collagen type I and III, Genzyme Biosurgery) [6]. 
Indeed, collagen is one of the materials most used in the field of cartilage 
tissue engineering, due to its biodegradability, biocompatibility, low 
immunogenicity and cell-adhesive properties. Nevertheless, collagen 
type II is the main represented collagen of the hyaline cartilage tissue, and 
recently, an unexpected source of non-mammalian collagen emerged 
(jellyfish marine collagen type II) and leaves open the possibility to 
overcome the limitations attributed to mammalian collagen use, such 
as risks of infections (bovine spongiform encephalopathy), initiation 
of arthritis by inflammation, or rejections due to religious reasons [7-
9]. This new source of marine collagen type II has shown to possess a 
superior impact on chondrogenesis compared to collagen I scaffold [8]. 
The Jellagen® (Cardiff, United Kingdom) is a marine collagen type II 
extracted from jellyfish, presenting good availability and easy handling. 
The use of marine sources of collagen type II presents huge advantages 
for articular cartilage regeneration: high conservation of collagen in the 
evolution (triple helix conservation) and preservation of the ecosystem 
(as the ecological environment is at risk with the excessive expansion of 
jellyfish). This jellyfish-extracted collagen type II material has already 

shown its capacity for chondrocyte proliferation, biocompatibility and 
is currently under pre-clinical studies.

Currently applied in the clinic, collagen I and III therapeutic 
implants are equipped with pre-cultured autologous chondrocyte cells to 
fill the articular focal lesions [3-6]. Regrettably, this strategy is associated 
with limitations such as donor site morbidity and dedifferentiation of 
articular chondrocytes into fibrous cartilage [10-12]. To overcome 
these limitations, new strategies have been developed to reach the stem 
cells based therapies. Indeed, Mesenchymal Stem Cells (MSCs) from 
the bone marrow appear to be the ideal candidates for cartilage repair 
therapies, due to their capacity of proliferation, immuno-suppressivity, 
and differentiation into chondrocytes under specific conditions [13-
16]. Moreover, recent clinical studies concerning cartilage repair, have 
shown that autologous human MSCs have equivalent or higher potential 
than chondrocytes after implantation [17].

In the tissue engineering field, with the development of materials of 
the second generation, active materials were developed to improve the 
efficiency of tissue regeneration [18]. These materials can be activated by 
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the addition of active molecules and have already shown their efficiency 
in the osteoarticular repair domain. Specifically for articular cartilage 
regeneration, the transforming growth factor-β3 (TGF-β3) was tested 
in association with materials to increase articular tissue repair efficiency 
[19-23]. TGF-β3 is a major driver of chondrogenesis and endochondral 
development [24] and was already incorporated within collagenic 
[22] or within polymeric [25] scaffold to increase their chondrogenic 
potential. However, a lot of these materials were made active by the 
incorporation of active molecules in the scaffold itself, leading to an 
uncontrolled release depending on the degradation rate of the scaffold. 
Yet, the efficiency of active material on tissue engineering depends on the 
way they are released. To design an active implantable material is a huge 
challenge, having to meet the expectations of active molecules, material 
diffusion, and body responses such as host proteolytic activity after 
implantation. The development of a therapy in which MSCs and active 
materials are implanted directly into cartilage defect sites necessitates a 
controlled release system providing sustained local delivery of TGF-β3, 
to ensure therapeutic efficacy of the implanted MSCs constructs.

In our group, we have reported an innovative strategy based on 
nanoreservoirs technology by entrapping active therapeutic agents, with 
a cell-contact dependent release [26-29]. This strategy was used not only 
for bone repair but also for cartilage regeneration, based on the use of 
active nanofibrous implant equipped with nanoreservoirs of growth 
factors combined with stem cells [30-32]. The main aim of this work is 
to develop a new therapeutic implant for cartilage repair by combining 
jellyfish collagen type II as an implant, to avoid the collagen type I or III 
of mammalian origin, growth factors TGF-β3 and adult mesenchymal 
stem cells derived from bone marrow.

To functionalize our jellyfish implant with TGF-β3, we use our 
nanoreservoirs technology (cell - contact dependent release). The 
efficiency of this new active collagen type II implant, equipped with 
nanoreservoirs of TGF-β3 and stem cells, was evaluated for chondrogenic 
gene expression and cartilage differentiation.

Methods
Collagen type II implants preparation

Rhizostoma pulmo jellyfish type II collagen solution (Jellagen®; 3 
mg.mL-1 in 0.1M acetic acid) was used to prepare implants. Collagenic 
materials were first obtained by freezing at -80°C and then freeze-
drying Jellagen® solution. Afterwards, lyophilisates were chemically 
cross-linked with the water-soluble chemical cross-linker N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 
Thermo Fisher Scientific; 1% (m/v)) for 90 minutes, rinsed with water, 
and incubated in glycine (GE Healthcare; 1% (m/v)) for 12 h. For 
further experiments, collagen II implants were then rinsed with PBS, 
and sterilized by 30-minutes exposure to UV light.

Formation of therapeutics TGF-β3 nanoreservoirs on collagen 
type II implants

Nanoreservoirs technology was performed to add nanoreservoirs 
of TGF-β3 on the native collagen type II (Jellagen®) implant. For 
that, the native collagen type II implants were dipped consecutively 
(6 times during 15 minutes) in alternate solutions of (i) an excipient: 
chitosan (CHI, Protasan UP CL 113, Novamatrix, Sandvika, Norway; 
500 mg.mL-1) and (ii) a solution of recombinant human TGF-β3 
(Euromedex, France; 200 ng.mL-1) containing heparin (Sigma-Aldrich, 
France; 500 µg.mL-1). These solutions were prepared in a buffer solution 
of Tris/NaCl (20 mM/0.15 M) at pH 7.4. Each bath was followed by a 
rinsing step in a solution of Tris/NaCl buffer. For further cell culture 

with mesenchymal stem cells, the TGF-β3 active implants were then 
rinsed with culture medium without serum.

Human mesenchymal stem cells culture

Human Mesenchymal Stem Cells (hMSCs) from the bone marrow 
(Promocell, Heidelberg, Germany) were cultured in a proliferation 
medium (Promocell, Heidelberg, Germany) complemented with 
supplement mix serum (Promocell, Heidelberg, Germany). The cells 
were incubated at 37°C in a humidified atmosphere of 5% CO2. When 
cells reached subconfluence, they were harvested with trypsin and 
cultured at the density of 3.2.105 cells/material on collagen type II jellyfish 
implants functionalized (F) or not (NF) with TGF-β3 nanoreservoirs. 
Cells were cultured during 21 days in standard chondrogenic medium 
without addition of TGF-β3 (Lonza, France).

Scanning electron microscopy (SEM) observations

To verify the addition of nanoreservoirs on the jellyfish collagen type 
II implants, samples were fixed just after performing nanoreservoirs 
technology with 4% (m/v) paraformaldehyde, during 10 minutes at 4°C. 
They were then dehydrated in successive ethanol baths of increasing 
concentration degree, and carbon-coated for further observations with 
a Hitachi S800 scanning electron microscope at 15 kV (Hitashi, Tokyo, 
Japan).

Biocompatibility

The biocompatibility of MSCs with the TGF-β3 active implants was 
analysed by measuring metabolic activity of cells with an Alamar Blue® 
test (Thermo Fisher Scientific, Waltham, MA, USA) at different times of 
culture (days D3, D7, D14, D21). For that, the cells were cultured during 
4 hours in a solution of Alamar Blue® (10% (v/v) in complete medium 
without phenol red). Duplicates of each culture medium well were then 
analysed with a spectrometer (FC Multiskan) at the 570 and 595 nm 
wavelengths to determine the % of Alamar Blue® reducti on. For each 
test, n=3. The p value was determined by a t test.

Indirect immunofluorescence

To verify the expression of proteins specific of the articular cartilage 
tissue, we performed indirect immunofluorescence against Sox9, 
aggrecan, collagen II and Runx2 for MSCs cultured on the jellyfish 
implants equipped (F) or not (NF) with TGF-β3 nanoreservoirs. For 
that, cultured samples were fixed with 4% (m/v) paraformaldehyde 
during 10 minutes at 4°C, rinsed with PBS, embedded in OCT Tissue 
Tek® (Optimum Cuttin g Temperature; Fisher Scientific, France) and 
frozen before being cut with a cryostat (Leica CM 3000). Then, samples 
were saturated and permeabilized with a solution of Triton X-100/BSA 
(0.1%/1%, (m/v)/(m/v)). The primary antibodies (1/200) were then 
added to the samples at room temperature during 2 h. Rabbit anti-
Sox9 (Sigma-Aldrich), rabbit anti-Runx2 (Sigma-Aldrich), rabbit anti-
aggrecan (Santa Cruz Biotechnology, TX, USA), and rabbit anti-collagen 
II (Sigma-Aldrich) were used. After 3 rinses with PBS, 488 Alexa Fluor 
anti-rabbit (Molecular Probes; Life Technologies, Fisher Scientific, 
France) (1/200) was added during 1 h at room temperature. PBS rinses 
were made and a DAPI (Sigma-Aldrich) solution (200 nM) was then 
added to the samples to stain cell nuclei. For further observations with 
an epifluorescent microscope (Leica DM 4000B), the samples were 
mounted with Dako® (Dako, Courtaboeuf, France).

Histology

To evaluate the chondrogenesis of MSCs growing on jellyfish 
implants functionalized (F) or not (NF) with TGF-β3 nanoreservoirs, 
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human mesenchymal stem cells (hMSCs), we evaluated their metabolic 
activity during growth on either non-active (NF) or TGF-β3 active (F) 
implants (Figure 1C). The metabolic activity of hMSCs was constant 
over the culture period for the F and the NF implants (From D7 to 
D21 p=0.131 for F, and p=0.645 for NF). Furthermore, no significant 
differences in metabolic activity were observed between the F and the 
NF implants at each time of culture period (Figure 1C), showing that 
addition of TGF-β3 nanoreservoirs doesn’t interfere with the activity of 
hMSCs. These results showed that we were able to design a biocompatible 
nanoactive TGF-β3 implant, using collagen type II from jellyfish in the 
presence of hMSCs.

Chondrogenic differentiation ability of the designed active 
implant in the presence of hMSCs

To evaluate the potentiality of the jellyfish collagen II type implant 
for chondrogenic differentiation of hMSCs, and to analyze the effect 
of TGF-β3 nanoreservoirs on this differentiation, we performed 
quantitative RT-PCR, indirect immunofluorescence and histology 
(Figure 2). At 14 days of culture, the NF and the F implants expressed the 
chondrogenic specific genes SOX9, COLL2, ACAN, and RUNX2 (Figure 
2). Interesting results were observed for the COLL2 gene, significantly 
(p=0.084) increased on the F implant (Figure 2). This indicates clearly 
that the TGF-β3 nanoreservoirs improved the capacity of hMSCs to 
secrete collagen II (Figure 2), thus accelerating their chondrogenic 
differentiation. Concerning the specific protein expression of the cartilage 
tissue, we performed indirect immunofluorescence after 21 days in vitro 
and observed the chondrogenic differentiation of the hMSCs (Figure 
3). Our results undoubtedly show the expression of Sox9 (Figure 3A 
and 3E) and Runx2 (Figure 3D and 3H) growth factors, and the matrix 
proteins secretion of aggrecan (Figure 3B and 3F) and collagen II (Figure 
3C and 3G). These results obtained by indirect immunofluorescence 
confirmed the observations after genes expression studies, since 
collagen II protein was more expressed at day 21 in presence of TGF-β3 
nanoreservoirs (Figure 3G) compared to native jellyfish material (Figure 
3C). Furthermore, it appeared that Sox9 transcription factor was also 
increased for hMSCs cultured on the active implant (Figure 3A and 3E). 
As noted in QRT-PCR, expression level of Aggrecan and Runx2 didn’t 
varied for cells cultured on TGF-β3 active implant (Figure 3F and 3H). 
This chondrogenic differentiation was also confirmed by using specific 
staining of the cartilage tissue (Figure 4). After 14 and 21 days in vitro, 
we observed an increase in the Glycosaminoglycans (GAGs) secretion 
when the implants were equipped with TGF-β3 nanoreservoirs, visible 
by a high Safranin-O (Compare Figure 4A and 4B with Figure 4G and 
4H). This difference was observed at D14 (Compare Figure 4A with 
Figure 4G). The Alcian Blue staining also confirmed the GAGs secretion 
in the active (F) and non-active (NF) implants (Figure 4C, 4D, 4I and 
4J). Alizarin staining was negative in the two conditions (Figure 4E, 
4F, 4K and 4L) and revealed that calcium was non deposited during 
culture time, showing that TGF-β3 doesn’t accelerate the osteogenic 
differentiation of hMSCs. These results showed clearly the potential of 
the TGF-β3 nanoactive collagen type II implant for the chondrogenic 
differentiation and cartilage repair using hMSCs derived from the bone 
marrow.

Discussion
With the advent of third generation biomaterials, it is now 

well recognized that cells, materials, and growth factors form an 
indispensable prerequisite to improve current approaches of tissue 
repair. In this work, we developed a new strategy for the regenerative 
nanomedicine of articular cartilage, based on a jellyfish collagen- type II 

specific histological staining were performed on cryostat sectioned 
samples. For Safranin-O/Fast Green staining, the samples were rinsed 
with distilled water and dipped in a solution of Fast Green (0.02% m/v), 
acetic acid (1% m/v), and Safranin-O (0.1% m/v). For Alcian Blue 
staining, the samples were rinsed with distilled water and a solution of 
2% (m/v) Alcian Blue (Sigma–Aldrich) at pH 4.2 was added during 2 h 
at room temperature. Alizarin Red staining was performed by dipping 
samples in distilled water and then in a solution of 1% (m/v) Alizarin 
red (Sigma-Aldrich) (pH 1) during 20 minutes at room temperature. 
Samples were then rinsed with distilled water. For further observations 
with bright field microscope (Leica DM 4000B), samples were mounted 
with Histolaque LMR® (LaboModerne, France).

Quantitative reverse transcriptase PCR (QRT-PCR)

To analyze quantitatively the effect of jellyfish implants equipped 
with TGF-β3 nanoreservoirs on the chondrogenic differentiation of 
MSCs, quantitative RT-PCR was performed by measuring specific 
genes of the articular cartilage tissue (SOX9, RUNX2, COLL2 (Collagen 
II), ACAN (Aggrecan)). After 14 days of culture, the total RNA was 
extracted from MSCs cultured on implants containing (F) or not (NF) 
TGF-β3 nanoreservoirs, with the high pure RNA Isolation Kit (Roche). 
The retrotranscription was then performed using the iScriptTM reverse 
Transcription Supermix (BioRad, Marnes-la-Coquette, France). The 
Real-time PCR reaction was then carried out using the iTaqTM Universal 
SYBR® G reen super mix (Biorad) and the CFX cycler system (BioRad) 
with the following cycle conditions: an initial denaturation step of 95°C 
for 2 minutes was performed, followed by 39 cycles of denaturation at 
95°C for 5 seconds, annealing at 60°C during 30 seconds and extension 
at 65°C for 5 seconds. For each test, n=3. Statistical significance was 
determined by a t-test. The primers used were: 

ACTIN B (5′- GATGAGATTGGCATGGCTTT-3’/5’- 
CACCTTCACCGTTCCAGTTT-3′), 

COLL2 (5 ′-CGTCCAGATGACCTTCCTACG-3 ′ ,/5 ′-
TGAGCAGGGCCTTCTTGAGT-3′), 

ACAN ( 5 ′ - T C C C C T G C TAT T T C AT C G AC - 3 / 5 ′ -
CCAGCAGCACTACCTCCTTC-3′), 

SOX9 ( 5 ′ - G G A A T G T T T C A G C A G C C A A T - 3 / 5 ′ -
TGGTGTTCTGAGAGGCACAG-3′), 

RUNX2 (5′-CCAACCCACGAATGCACTATC-3’/5‘-TAGT-
GAGTGGTGGCGGACATAC-3′).

Results
Design of a therapeutic active nanostructured Jellyfish 
collagen type II implant

To develop an active implant for cartilage regeneration, we used 
a new source of collagen type II (Jellyfish, Jellagen®) and attempted to 
make it active by adding TGF-β3 nanoreservoirs. We have first prepared 
the jellyfish collagenic II material by lyophilization and observed, by 
Scanning Electron Microscopy (SEM), the formation of the porous 
material made of smooth collagen type II sheets (Figure 1A). We have 
then functionalized this jellyfish collagenic II implant by incorporation 
of TGF-β3 into the nanoreservoirs using chitosan as excipient. Our 
results indicated clearly that we were able to build active nanocontainers 
on jellyfish collagenic II implant (Figure 1B).

Biocompatibility of the designed active implant

To analyze the biocompatibility of this nanostructured implant with 
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material doped with TGF-β3 and autologous MSCs. Proteins from the 
TGF-β family play a central role in the endochondral development from 
early to terminal stages, and are essential actors in the cartilage tissue 
maintenance [24]. Particularly, the role of the TGF-β3 is well recognized 
in the cartilage tissue engineering domain, as the loss of this growth 
factor in tissue induces chondrocyte hypertrophy, ultimately resulting 
in cartilage degeneration [33].

 Moreover, this molecule is also implicated in the hypertrophy of 
MSCs, as it could preserve adipose derived stem cells chondrogenic 
differentiation from hypertrophy [34] and improve chondrogenesis 
by increasing the secretion of sulfated Glycosaminoglycans (GAGs) 
and collagen II [35,36]. Furthermore, TGF-β superfamily is an 
epigenetic regulator of chondrogenesis by stimulating Sox9-regulated 
genes inactivated by chromatin in condensed state [37]. Epigenetic 

Figure 1: Design of a therapeutic active nanostructured collagen II implant for cartilage regeneration. Scanning electron microscopy images of the porous jellyfish 
collagen type II implant (Jellagen®) (A). Visualization of the therapeutic TGF-β3 nanoreservoirs on the collagen type II implant after nanoreservoirs technology 
processing (B). Metabolic activity of human mesenchymal stem cells (hMSCs) growing on the native (NF) and the TGF-β3 active (F) Collagen type II implants. To 
evaluate their biocompatibility with hMSCs, the % of Alamar Blue® reduction was determined at D7, D14, and D21 after seeding (n=3) (C). All values were expressed 
as mean ± SEM. Differences were considered significant at 95% Cl (*** p<0.01=extremely significant; ** p<0.05=very significant; * p>0.1=significant). Scale bars=5µm.
Abbreviations: D: Days; F: TGF-β3 Functionalized Implant; hMSCs: Human Mesenchymal Stem Cells; NF: Native Implant (not functionalized); SEM: Standard Error 
of the Mean; TGF-β3: Transforming Growth Factor-β3.
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modifications are critical in chondrogenic differentiation, particularly 
H3K9 methyltransferases play an essential role in the hypertrophic and 
prehypertrophic state of MSCs, constituting an indispensable effector in 
their reprogramming and thus in their behaviour [38-42]. Changes at 
the epigenetic scale being considered as markers of pluripotency, it will 
be relevant to analyse epigenetic state of hMSCs cultured on the active 
TGF-β3 implant to observe its influence on epigenetic variations and 
chondrogenic differentiation. As this growth factor can exert therapeutic 
effects on cartilage repair, groups attempted to develop active strategies 
by using TGF-β3 for the promotion of chondrogenesis [35]. Regarding 
the difficulties associated to in vivo delivery of active molecules, a 
large amount of studies using TGF-β3 improving chondrogenesis are 
based on plasmid or adenoviral transfection [43], direct integration 
of the molecule in materials [20,22,23] or direct infusion of material 
[44]. Unfortunately, these kinds of approaches could lead to inaccurate 
regulation of the active molecule delivery, and side effects (osteophyte 
formation, fibrosis and swelling of the synovial) at the implantation site 
[45,46]. Thus, the huge impact that the TGF-β3 could have in case of 
articular repair is becoming relevant [35] and we chose to adapt it to 
our strategy of nanoreservoirs allowing cell-contact dependent local 
delivery of active molecules [26-29]. The in vivo half-life of TGF-β3 is 
very short [47,48], and its efficient delivery after implantation remains 
challenging, as the in vivo environment leads to rapid removal of the 
protein from the wound site, loss of its bioactivity, or its low availability. 
To overcome these constraints, the nanoreservoirs strategy used in 
this work to increase the chondrogenesis of MSCs, was performed 
using heparin molecules as chaperones. TGF-β3 contains a heparin-
binding site able to potentiate its activity [49,50]. Indeed, the strategy 
of nanoreservoirs used here aims to protect TGF-β3 from degradation, 
via heparin binding and chitosan entrapment within nanoreservoirs.

It is established that the use of chondrocytes associated with MSCs 
improves their differentiation via paracrine factors [31,51-54]. Among 
these factors, TGF-β3 is secreted by chondrocytes [55]. The proposed 
use of growth factor nanocontainers can substitute the role of secreting 
chondrocytes, making TGF-β3 available for promoting chondrogenesis 
of MSCs. Today, the developed therapeutics for articular cartilage 
repair focus on the use of autologous chondrocytes [3-6].

In the osteoarticular cell therapy domain, autologous MSCs are 
used (ChondrogenTM (Osiris therapeutics), but these cells are injected 
directly into the joint capsule, with the aim to modulate inflammation 
in case of osteoarthritis [56]. However for the repair and regeneration 
of articular cartilage with human MSCs, the use of a biomaterial, 
focusing cells at the defect site, is necessary. To closer mimic the natural 
cues of articular cartilage, we used the jellyfish collagen type II material 
(Jellagen®), offering a tridimensional environment, increasing cell-cell 
interactions and known to enhance chondrogenesis of MSCs [57]. 
This easy non-mammalian source of collagen type II (R. pulmo) offers 
a larger cell attachment in three-dimensional conformation, and the 
lack of integrin-binding sites probably leads to an alternative binding 
mechanism allowing cells to keep their round shape and preventing 
them from dedifferentiation. By using collagen type II from jellyfish 
we could overcome the limitations associated to bovine or porcine 
MACI (matrix-induced chondrocyte implantation) implants, such as 
fibrous cartilage formation and risks of zoonosis (Bovine spongiform 
encephalopathy). Thus, marine collagen type II from jellyfish is a 
very suitable and promising material for the development of articular 
cartilage tissue repair implants.

The association of MSCs with an active material to form an implant 
of the third generation represents today an essential strategy with 
real impact fitting the clinical market of articular repair, promising 
the amelioration of surgical procedures and recovery of patients. To 
facilitate the clinical approach of this smart active implant, we used 
clinical applicable MSCs, well proliferating in vitro and differentiating 
in contact with biomaterials functionalized with nanoreservoirs 
of growth factors [26,29-31]. We showed here that this strategy of 
TGF-β3 nanoreservoirs is biocompatible with hMSCs, and promotes 
the secretion of GAGs and collagen II, showing that the active jellyfish 
implant represents an efficient strategy to promote the cartilage 
regeneration.

Conclusion
We showed here that we were able to dope a jellyfish collagen 

type II implant, developed for cartilage regeneration, with therapeutic 
molecules. As the TGF-β3 growth factor is a well-known effector of 

Figure 2: Chondrogenic genes expression of human mesenchymal stem cells on the TGF-β3 active implant. Quantitative expression of genes specific of the articular 
cartilage tissue (SOX9, COLL2, ACAN, RUNX2) analyzed by QRT-PCR after 14 days of culture on the native (NF) and the TGF-β3 active (F) Collagen type II implants 
(n=3). All values were expressed as mean ± SEM. Differences were considered significant at 95% Cl (*** p<0.01=extremely significant; ** p<0.05=very significant; 
* p>0.1=significant).
Abbreviations: ACAN: Aggrecan; COLL2: Collagen of type II; F: TGF-β3 Functionalized Implant; NF: Native Implant; SEM: Standard Error of the Mean; RUNX2: 
Runt-related Transcription Factor 2; SOX9: Sex Determining Region Y–box 9; TGF-β3: Transforming Growth Factor β3.
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Figure 3: Chondrogenic proteins expression of human mesenchymal stem cells on the TGF-β3 active implant. Expression of proteins specific of the articular cartilage 
tissue visible in green (A-H): Sox9 (A, E), Aggrecan (B, F), Collagen II (C, G) and Runx2 (D, H), observed by indirect immunofluorescence after 21 days of culture on 
the native (NF) (A-D) and the active (F) collagenic implants (E-H). Nuclei are visible in blue by DAPI staining. Scale bars=50 µm.
Abbreviations: Agg: Aggrecan; Coll II: Collagen of type II; DAPI: 4’,6’-diamidino-2-phenylindole; F: TGF-β3 functionalized implant; NF: Native Implant; Runx2: Runt-
related transcription factor 2; Sox9: Sex Determining region Y–box 9; TGF-β3: Transforming Growth Factor β3.
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Figure 4: GAGs secretion of human mesenchymal stem cells  on the TGF-β3 active implant. Histological staining showing glycosaminoglycans secretion in red by 
Safranin-O/Fast Green (A, B, G, H) and in blue by Alcian Blue (C, D, I, J) after 14 and 21 days of culture on the native (NF) and the TGF-β3 active (F) implants. 
Mineralization was also evaluated by an Alizarin Red staining after 14 and 21 days of culture on both materials (E, F, K, L). Scale bars=50 µm.
Abbreviations: AB: Alcian Blue; AR: Alizarin Red; D: Days; F: TGF-β3 functionalized implant; NF: Native Implant; SOFG: Safranin-O/Fast Green; TGF-β3: Transforming 
Growth Factor β3.
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the chondrogenesis signalling way, this molecule represented an ideal 
candidate to produce therapeutic implants for improving cartilage 
regeneration. By using the nanoreservoirs strategy for entrapping this 
active molecule, we developed successful active therapeutic implants 
for regenerative medicine. This approach, developed here, could be 
adjusted with other therapeutic applicable cells, tissues or drugs. 
Our innovative therapeutic medical implant, as an adaptable medical 
device, is an adjustable technology, which can be tune by using different 
kinds of cells, active drugs and biomaterials and thereby apply for the 
regeneration of other tissues.
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