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Abstract 

Freshly isolated stromal cells can potentially be used as an alternative to in vitro 

expanded cells in regenerative medicine. Their use requires the development of bioactive 

hydrogels or scaffolds which provide an environment to enhance their proliferation and 

tissue-specific differentiation in vivo. The goal of the current study was to develop an 

injectable fibrin hydrogel functionalized with cartilage ECM microparticles and transforming 

growth factor (TGF)-β3 as a putative therapeutic for articular cartilage regeneration. ECM 

microparticles were produced by cryomilling and freeze-drying porcine articular cartilage. Up 

to 2% (w/v) ECM could be incorporated into fibrin without detrimentally affecting its capacity 

to form stable hydrogels. Even in the presence of such levels of ECM, chondrogenesis of 

infrapatellar fat pad (IFP)-derived stem cells within these fibrin constructs was enhanced 

when additionally stimulated with exogenous TGF-β3. To further access the 

chondroinductivity of cartilage ECM, we then compared chondrogenesis of IFP-derived stem 

cells in fibrin hydrogels functionalized with either particulated ECM or control gelatin 

microspheres. Cartilage ECM particles could be used to control the delivery of TGF-β3 to 

IFP-derived stem cells within fibrin hydrogels in vitro, and furthermore, led to higher levels of 

sulphated glycosaminoglycan (sGAG) and collagen accumulation compared to control 

constructs loaded with gelatin microspheres. In vivo, freshly isolated stromal cells generated 

a more cartilage-like tissue within fibrin hydrogels functionalized with cartilage ECM particles 

compared to the control gelatin loaded constructs. These tissues stained strongly for type II 

collagen and contained higher levels of sGAGs. These results support the use of fibrin 

hydrogels functionalized with cartilage ECM components in single-stage, cell-based 

therapies for joint regeneration. 

 

Keywords: Articular Cartilage, Single-Stage Therapy, Fibrin Hydrogel, Extracellular 

Matrix, Growth Factor. 
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1. Introduction 

Articular cartilage is an avascular tissue with a complex structure that has a limited 

capacity for self repair [1]. Regenerating articular cartilage still is a challenge in the field of 

tissue engineering [1, 2]. Chondral and osteochondral lesions often result in pain and 

swelling, followed by further joint degeneration and osteoarthritis [1, 2]. Injuries to cartilage 

can be treated with a range of approaches, including marrow stimulating techniques, 

mosaicplasty and cell-based therapies [1]. Autologous chondrocyte implantation (ACI) and 

matrix-induced ACI (MACI) are examples of currently used techniques in articular cartilage 

regeneration, which proved to be reasonably successful clinically [1, 3]. However, these 

procedures require two surgeries and are significantly more expensive than traditional 

approaches to articular cartilage repair [4]. 

A number of different single-stage, cell-based procedures have been proposed that 

would theoretically overcome the need for two surgical procedures and autologous cell 

expansion [4-6]. Freshly isolated cells can potentially be obtained from harvested tissue in 

the surgical room, and efficiently implanted in one single procedure [5, 7, 8]. Freshly isolated 

stromal cells from the infrapatellar fat pad (IFP), which we have previously shown to be a 

viable source of chondro-progenitor cells [9-12], are a particularly promising cell type for 

single-stage procedures. In addition to identifying a suitable cell type, the successful 

realization of such in-theatre procedures also requires the development of a bioactive 

scaffold or hydrogel able to promote the proliferation and chondrogenic differentiation of a 

limited number of multipotent cells, which can be obtained from a donor in one surgical 

intervention.  

Fibrin is a commonly used biomaterial for tissue engineering and is in widespread 

clinical use, typically as a hemostatic and/or a sealant agent [13]. It has also been 

investigated as a cell vehicle and as a therapeutic drug delivery system for different tissue 

engineering applications [13-15]. In the context of articular cartilage tissue engineering, there 

is evidence to suggest that fibrin is not as chondro-permissive as other well established 
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hydrogels [16], with bone marrow and adipose-derived stem cells showing a diminished 

chondrogenic potential when encapsulated in fibrin [15-17]. There is therefore a clear need 

for further functionalization of this versatile injectable hydrogel system to optimize its utility 

for cartilage repair therapies. 

Articular cartilage extracellular matrix (ECM)-derived materials have been previously 

used to engineer cartilage grafts with promising results [11, 12, 18, 19]. In addition, such 

ECM-derived biomaterials have been used to bind and release chondrogenic factors such as 

transforming growth factor (TGF)-β3 [11, 12]. Furthermore, ECM particles have also been 

used to functionalize other biomaterials in an attempt to enhance chondrogenesis [20-22]. 

For example, fibrin has been combined with ECM particles to develop implants for focal 

cartilage defect repair [23]. The use of such injectable hydrogels can also overcome 

limitations associated with pre-formed scaffolds, including challenges associated with 

fixation to complex cartilage defects and poor retention of newly synthesized ECM [24].  

Therefore, such ECM functionalized fibrin hydrogels could potentially be used as an 

injectable carrier for freshly isolated stromal cells, with such a construct forming the basis of 

a single-stage therapy for articular cartilage regeneration. Hence, the objective of this study 

was to functionalize fibrin hydrogels with particulated cartilage ECM, and to assess the 

capacity of this construct to promote chondrogenesis of freshly isolated stromal cells in vivo. 

As promoting robust chondrogenesis in vivo may also necessitate exogenous growth factor 

presentation, this study also assessed the capacity of particulated cartilage ECM 

components to act as a controlled delivery system for TGF-β3 within a fibrin hydrogel. The 

chondro-inductivity of these cartilage ECM components was then compared to gelatin 

microspheres. These specific strategies were evaluated both in vitro and in vivo with the aim 

of assessing their potential as putative single-stage therapies for cartilage repair.  
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2. Material and methods 

2.1 Preparation of particulated cartilage ECM 

Articular cartilage for the fabrication of ECM particles was obtained from the articular 

joint of pigs (female, 3 months old), as presented in published work [12]. Briefly, cartilage 

was fragmented, and further fine ECM microparticles were fabricated by 

pulverizing/devitalizing the cartilage ECM in pieces with a cryogenic mill (6770 Freezer-Mill, 

SPEX). The ECM-derived particles were lyophilized (FreeZone-Triad, Labconco, USA), 

physically crosslinked and sterilized overnight using dehydrothermal treatment at 110°C 

under vacuum. 

2.2 SEM imaging of ECM-derived particles 

ECM microparticles were observed and analyzed using scanning electron 

microscopy (SEM). Particles were fixed in 4% paraformaldehyde solution overnight. 

Microparticles were dehydrated through successive graded ethanol baths (10-100%), fixed 

in aluminium stubs, coated with gold and examined under a field emission scanning electron 

microscope (Tescan Mira FEG-SEM XMU, Libušina, Czech Republic). Images were 

analyzed with Image J to quantify microparticle size. 

2.3 Fabrication of Fibrin/ECM hydrogels 

Fibrin hydrogels were produced using a method previously described [14, 15]. Briefly, 

fibrin hydrogel constructs were fabricated by dissolving 100 mg/ml bovine fibrinogen (Sigma-

Aldrich) in 10,000 KIU/ml aprotinin (Nordic Pharma, Sweden) containing 19 mg/ml sodium 

chloride (NaCl). Solution of Thrombin (5 U/ml) was made in 40 mM calcium chloride and 

adjusted to pH 7.0. Moreover, the optimal percentage loading of ECM particles in fibrin 

constructs was assessed based on literature [21, 25] and additional experimental work. ECM 

was mixed with fibrinogen (fibrin) solution in 2% (w/v) and 10% (w/v) based on similar 

approaches [21, 25]. An additional fibrin only was also prepared to serve as a control group. 

Fibrin/ECM or fibrin only solutions were mixed at a ratio of 1:1 with a 5 U/ml thrombin in 40 
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mM CaCl2 solution and allowed to gel at 37°C for 30 minutes yielding a final concentration of 

50 mg/ml fibrin, 2.5 U/ml thrombin, 5,000 KIU/ml aprotinin, 17 mg/ml NaCl and 20 mM CaCl2 

[14, 15]. The final acellular hydrogels were 60 μl and were produced by using cylindrical 

agarose moulds (3% w/v; Sigma-Aldrich, Ireland), 5 mm in diameter. Furthermore, these 

fibrin/ECM hydrogels were scaled up for assessing the scalability of the method. The fibrin 

only, fibrin/ECM 2% and 10% (w/v) acellular hydrogels were prepared by using a 1.5 ml 

eppendorf tube as a mould. 

2.4 Fabrication of Gelatin Microspheres and Fibrin/Gelatin hydrogels 

Fibrin/gelatin hydrogels were produced using a previously described protocol [14], 

using a method similar to fibrin/ECM. However, in this particular case, gelatin microspheres 

[14, 26, 27] were used and incorporated into the fibrin hydrogel as previously described [14]. 

Briefly, microspheres were produced by a water-in-oil emulsion method. Gelatin was 

dissolved in deionised water and added drop-by-drop to 100 ml of olive oil heated to 45°C 

while being continuously stirred. Gelatin concentration of 11% (w/v) was used in this study. 

After 10 minutes, the solution was cooled with additional stirring for 30 minutes, after which 

40 ml of acetone was added and left for 1 hour. Formed gelatin microspheres were collected 

through sieving (50 μm) and repeated washings in acetone. Microspheres were next 

crosslinked in 100 ml of glutaraldehyde solution (0.1% w/v; Sigma-Aldrich, Ireland) with 100 

μl Tween 80 (Sigma-Aldrich, Ireland) for 18 hours while being stirred. Then they were 

removed from the glutaraldehyde solution and stirred in 100 ml of glycine solution (25 mM, 

Sigma-Aldrich, Ireland) solution for 1 hour. Microspheres were sieved to a controlled range 

(50–70 μm), which was used for previously reported release studies [14]. Finally, 

microspheres were freeze-dried overnight, weighed and sterilized using dehydrothermal 

treatment [14]. 

2.5 Cell isolation and culture 

Cells were isolated from biopsies of the infrapatellar fat pad (IFP) taken from human 

patients either undergoing total joint arthroplasty (3 donors) or anterior cruciate ligament 
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surgery (1 donor) with informed signed consent. Ethical approval for this work was granted 

by the Mater Misericordiae University Hospital (Ireland) Ethics Committee (Ref: 1/378/1501). 

IFP was minced and rotated at 37˚C (4h) in Dulbecco’s Modified Eagle Medium (hgDMEM, 

GlutaMAXTM; Gibco) with collagenase (type 2, 750 U/ml, Worthington Bio.) and penicillin 

(1%, 100 U/ml)-streptomycin (100 µg/ml). Based on previous work, 4 ml/g-tissue of 

collagenase was used [28, 29]. Cells were expanded (5000 cells/cm2; to P2) in hgDMEM 

with FBS (10%), penicillin (1%, 100 U/ml)-streptomycin (100 mg/ml), and FGF-2 (5 ng/ml; 

ProSpec., Israel). 

Chondrogenesis was assessed in vitro by encapsulating 1 million IFP-derived stem 

cells from one donor into fibrin hydrogels (60 μl). Hydrogel-cell culture (4 weeks) was 

performed in chondrogenic specific incubation conditions: 5% O2 and 37˚C [11, 12, 29]. 

Briefly, the medium consisted of DMEM supplemented with penicillin (100 U/ml)-

streptomycin (100 µg/ml), sodium pyruvate (100 µg/ml), L-proline (40 µg/ml), ascorbic acid 

(50 µg/ml), bovine serum albumin (1.5 mg/ml), insulin-transferrin-selenium (1x), 

dexamethasone (100 nM), and TGF-β3 (10 ng/ml, ProSpec., Israel). The medium of 

experimental groups where TGF-β3 was added into the hydrogel were not additionally 

supplemented with this growth factor. The growth factor (200 ng) was soak-loaded into the 

ECM particles and gelatin microspheres for 15 minutes prior to hydrogel encapsulation. 

2.6 DNA, sulphated glycosaminoglycan (sGAG) and collagen content 

Before and after the 4 week culture period, standard biochemical analyses were 

performed to determine the DNA, sGAG and collagen content, based on previously 

described protocols [11, 12, 28, 30]. Firstly, the cartilaginous tissue grafts were digested at 

60˚C for 18 hours in papain (125 μg/ml). DNA was determined via a Hoechst assay; sGAG 

in constructs was obtained using a dimethylmethylene blue based assay, and finally the 

collagen content was measured by determining the hydroxyproline content after acidic 

hydrolysis (chloramine-T with a hydroxyproline to collagen ratio of 1/7.69). The sGAG and 

collagen content at day 0, which represents that contained within the ECM particles and 
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gelatin microspheres themselves, is subtracted from the day 28 values for data presentation 

purposes.  

2.7 Histological and immunohistochemical analysis 

Histology analysis was performed as previously described [12]. Briefly, samples were 

fixed in 4% paraformaldehyde, followed by wax embedding and sectioning (6 µm). Sections 

were stained for sGAG using alcian blue and collagen with picro-sirius red. Cell nuclei were 

additionally stained with nuclear fast red solution (all reagents from Sigma-Aldrich). 

Immunohistochemical examination was performed using a monoclonal antibody to type II 

collagen (Abcam, UK), as previously described [11, 12, 29].  

2.8 Growth factor measurement 

TGF-β3 released from fibrin/ECM and fibrin/gelatin constructs was quantified through 

an enzyme-linked immunosorbent assay (ELISA) protocol, as previously described [11, 12, 

32]. Briefly, well-plates were firstly coated with capture antibody (mouse anti-human TGF-

β3), followed by culture media incubation. Next, the detection antibody was supplemented to 

each well. Streptavidin-HRP was then incubated, followed by substrate solution. Finally, the 

stop solution was used, and the optical measurement was performed (all reagents from 

ELISA kit, R&D Systems). 

2.9 Subcutaneous implantation assessment  

For the first in vivo assessment, fibrin/ECM hydrogels with and without 200 ng of 

TGF-β3, were seeded with freshly isolated IFP derived stromal cells and then implanted 

subcutaneously in nude mice, as previously described [12]. The second in vivo study 

compared the following groups (where all constructs were loaded with 200 ng of TGF-β3): 1. 

Acellular Fibrin/Gelatin; 2. Stromal cells in Fibrin/Gelatin; 3. Acellular Fibrin/ECM; 4. Stromal 

cells in Fibrin/ECM. Freshly isolated IFP-derived stromal cells were pooled from 3 donors. 

Cells were not culture expanded prior to implantation. The animal protocol was reviewed and 

approved by Trinity College Dublin animal research ethics committee (Ref: 231112). 
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Anaesthesia was performed with xylazine (10 mg/kg, Chanazine 2%, Chanelle) and 

ketamine (100 mg/kg, Narketan, Vetoquinol). Incision and construct insertion was performed 

along the spine, and sutures were made with 4-0 Vicryl plus (Ethicon, Johnson & Johnson) 

followed by tissue glue (Vetloc). 

2.10 Statistics 

All the results are reported as mean ± standard deviation. Analyses were performed 

using MINITAB 15.1 (Minitab, UK). Groups were analyzed for significant differences using a 

linear model of variance analysis (ANOVA) with factors including TGF-β3 supplementation 

and hydrogel composition. Tukey’s test for comparisons was performed, with significance 

accepted for p<0.05. 

 

3. Result 

3.1 Development of stable ECM functionalized fibrin hydrogels 

Scanning electron microscopy (SEM) was used to characterize the morphology and 

size distribution of the particulated ECM (Figure 1A-C), with the mean particle size after 

cryomilling measured as 97±26 µm. Fibrin was then mixed with particulated ECM material at 

two different concentrations. To assess if the incorporation of different concentrations of 

ECM would impact the capacity of fibrin to form a stable gel, the components were added to 

a cylindrical mould (Figure 1D-F) and an eppendorf tube (Figure 1G, H) and their capacity to 

maintain their shape was determined. The ECM free fibrin hydrogel appeared semi-

transparent (Figure 1D) and with the addition of ECM became more opaque (Figure 1E, F). 

The capacity of the hydrogels to maintain a fixed shape also diminished with the 

incorporation of higher concentrations of ECM, as it was possible to observe a stable 

structure for fibrin only (data not shown) and fibrin/ECM 2% w/v (Figure 1G); however when 

the ECM concentration was increased (10% w/v) the structure failed to maintain its initial 
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shape (Figure 1H). This motivated the use of 2% (w/v) ECM embedded in fibrin hydrogel for 

further assessment. 

3.2 Fibrin hydrogels functionalized with particulated cartilage ECM support robust 

chondrogenesis when stimulated with TGF- β3 

We next sought to determine the capacity of fibrin hydrogels functionalized with 

cartilage ECM to support chondrogenesis of infrapatellar fat pad-derived stem cells in vitro in 

the presence and absence of TGF-β3. After 28 days of in vitro culture, fibrin-ECM 

composites supplemented with TGF-β3 resembled cartilage macroscopically (Figure 2E). 

When compared with growth factor free constructs (Figure 2A-D), the TGF-β3 supplemented 

hydrogels (Figure 2E-H) contained higher levels of cartilage specific matrix components. 

Histological staining for sGAG (Figure 2F), collagen (Figure 2G) and type II collagen (Figure 

2H) was more intense for TGF-β3 supplemented constructs. The DNA, sGAG and collagen 

content of TGF-β3 supplemented hydrogels was significantly higher than non-supplemented 

constructs (Figure 2I-K). 

3.3 ECM-derived particles can be used to deliver TGF-β3 and enhance 

chondrogenesis of human infrapatellar fat pad-derived stem cells  

Having demonstrated superior chondrogenesis in the presence of TGF-β3, and with 

a view towards developing an “off-the-shelf” therapeutic for cartilage regeneration, we next 

sought to assess the potential of particulated cartilage ECM to bind and release TGF-β3 

within a stem cell laden hydrogel, and to subsequently support chondrogenesis over 28 days 

of in vitro culture. Furthermore, we sought to determine if the incorporation of ECM into fibrin 

would enhance chondrogenesis compared to that within control fibrin hydrogels containing 

gelatin microspheres. After loading the ECM-derived particles with TGF-β3 it was possible to 

observe a progressive release of the growth factor into the surrounding culture (Figure 3), 

comparable to that obtained using gelatin microspheres embedded in the same stem cell-

laden fibrin hydrogel (Figure 3).   
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At the end of the 28 day in vitro culture period, both types of constructs resembled 

cartilage macroscopically (Figure 4A, E). Histologically, the tissue generated with the ECM 

functionalized hydrogels was richer in sGAGs and type II collagen (Figure 4B-D). In addition, 

significantly higher levels of sGAG (Figure 4J) and collagen (Figure 4K) accumulation were 

observed with ECM functionalized constructs. No significant difference in DNA content was 

observed between the two groups (Figure 4I). 

3.4 Cartilage ECM enhances chondrogenesis in vivo in the presence of TGF-β3 

It was pertinent to determine the potential of fibrin hydrogels functionalized with 

particulated cartilage ECM hydrogels to promote chondrogenesis in vivo in a subcutaneous 

nude mouse model when seeded with freshly isolated infrapatellar fat pad-derived stromal 

cells. The particulated ECM was either loaded with TGF-β3 (+TGF-β3) or left empty (-TGF-

β3) prior to implantation. After 4 weeks in vivo the Fibrin-ECM constructs loaded with TGF-

β3 generated more robust chondrogenesis of human infrapatellar fat pad stromal cells, with 

superior sGAG (Figure 5F), collagen (Figure 5G) and type II collagen (Figure 5H) deposition 

compared to the non-supplemented group (Figure 5B-D). 

The final goal of the study was to determine whether particulated cartilage ECM is 

chondroinductive in vivo. To this end, the capacity of fibrin hydrogels functionalized with 

either gelatin microspheres or particulated cartilage ECM to promote ectopic cartilage 

formation was compared. Both the gelatin and cartilage ECM particles were loaded with 

TGF-β3 and the constructs were either implanted cell free or with freshly isolated stromal 

cells.  Little matrix appeared to accumulate within acellular constructs after 4 weeks in vivo 

(Figure 6). Macroscopically, ECM constructs seeded with freshly isolated stromal cells 

appeared cartilage-like in appearance (Figure 6M), unlike the other fibrin based groups. 

More intense staining for sGAG (Figure 6N), collagen (Figure 6O) and type II collagen 

(Figure 6P) deposition was observed in fibrin-ECM constructs when compared with the 

fibrin-gelatin constructs. sGAG synthesis in the fibrin-ECM implants was significantly higher 

than in the fibrin-gelatin constructs (Figure 6Q). 
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4. Discussion 

The goal for this study was to develop an injectable, single-stage strategy to promote 

chondrogenesis in vivo. The method consists of functionalizing a well-established 

biomaterial (fibrin) with particulated cartilage ECM loaded with TGF-β3, and using this 

construct to promote chondrogenesis of freshly isolated IFP-derived stromal cells. By 

cryomilling and freeze-drying the ECM it was possible to produce microparticles that were 

easily incorporated into fibrin hydrogels at a known concentration. In spite of the fact that 

these particles are potentially chondroinductive on their own, due to the sGAGs, collagen 

and innate chondrogenic cues within the ECM, additional TGF-β3 stimulation was necessary 

to induce robust chondrogenesis both in vitro and in vivo. In vitro, ECM-derived particles 

were able to retain and release TGF-β3, proving to be as effective in this regard as the well 

established gelatin microsphere delivery system [14]. Fibrin hydrogels functionalized with 

particulated cartilage ECM promoted superior chondrogenesis in vitro and in vivo when 

compared with fibrin-gelatin constructs. These findings open up the possibility of using ECM 

functionalized fibrin hydrogels, in combination with freshly isolated stromal cells, to 

regenerate articular cartilage defects. 

Cryomilling and freeze-drying of cartilage ECM was found to result in the 

development of particulated tissue with a consistent size and morphology, with comparable 

strategies being employed in the literature [33]. While we demonstrated that the specific size 

of ECM particles used in this study enhanced chondrogenesis in vitro and in vivo, further 

studies need to be performed to understand the role of ECM particle size in promoting 

chondrogenesis using this approach. Previous studies have demonstrated that the particle 

size of powdered ECM material can influence new tissue formation, regardless of initial 

biomaterial composition [34]. Furthermore, particle size will also determine the effectiveness 

of devitalization and decellularization treatments that will likely influence the immune 

response [35]. Additional studies need to be undertaken to better understand the 

immunogenicity of cartilage ECM-derived materials, and consequently understand and 
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optimize production and decellularization methods to enable clinical translation of such 

powerful naturally-derived biomaterials [35]. 

In agreement with previous studies [11, 12], additional growth factor (TGF-β3) 

stimulation was necessary to induce robust chondrogenesis of IFP-derived stem cells, even 

in the presence of particulated cartilage ECM. This motivated us to explore the use of 

cartilage ECM particles as a growth factor delivery system. These ECM particles were 

comparable to traditional gelatin microspheres in their capacity to bind and release TGF-β3.  

It is well known that ECM components can act as reservoirs for efficient growth factor 

release [11, 12, 36, 37]. Proteoglycans (negatively charged) present in the pericellular and 

extracellular matrix have been shown to bind and modulate TGF-β3 (positively charged) 

supply and consequently control its availability [36]. 

 While the amount and rate of TGF-β3 release from cartilage ECM was similar to that 

from gelatin microspheres, superior chondrogenesis was observed in the ECM-

functionalized hydrogels. This difference indicates that the ECM-derived particles are able to 

provide additional chondroinductive cues to the IFP-derived stem cells that are not present in 

the fibrin/gelatin hydrogels, strongly suggesting that these bioactive ECM microparticles are 

more than simple growth factor carriers. The presence of growth factors in cartilage ECM, 

particularly from the TGF-β superfamily, may explain the superior chondrogenesis observed 

in these constructs [18, 35, 38-40]. These growth factors can bind and be stored in many of 

the matrix molecules present in native cartilage ECM [38]. Additionally, the presence of type 

II collagen in cartilage ECM is known to be advantageous for chondrogenesis [41-44], which 

likely also contributes to the superior results observed in the cartilage ECM-functionalized 

biomaterials.  

Growth factor release from the hydrogel to the media was less than 10% of the initial 

amount loaded into the microparticles. Fibrin by itself has been used previously as a growth 

factor delivery system [13, 14], and hence it is likely helping to retain the TGF-β3 within the 

construct. Results from ELISA indicate that the release of growth factor from particles occurs 

at a relatively slow rate throughout the culture period, except for a more rapid release profile 
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during the first 8 days. It is not clear what percentage of growth factor that remains within the 

construct is available to seeded cells. Regardless, this specific release profile is sufficient to 

initiate the chondrogenic pathway. Temporal growth factor exposure is known to be 

beneficial in chondrogenesis [11, 12, 45-47]. Further studies are necessary to identify the 

optimal amount of TGF-β3 that needs to be added to the delivery device in order to promote 

robust chondrogenesis of embedded cells. Previous studies suggest that only relatively low 

levels of growth factor need to be added to ECM-based hydrogels or scaffolds to enhance 

cartilage formation [11, 12, 35, 39, 48, 49]. 

ECM functionalized fibrin was successfully used as a vehicle to subcutaneously 

deliver freshly isolated IFP-derived stromal cells and growth factor. The devitalized cartilage 

ECM-derived particles facilitated robust chondrogenesis of the encapsulated stromal cells in 

this in vivo environment. These stromal cells were critical to generate cartilage ectopically, 

as acellular fibrin/ECM constructs did not induce chondrogenesis. When compared with the 

well established gelatin microspheres system, the ECM particles induced superior cartilage 

matrix formation, emphasizing the important role and potential of such particles in vivo. 

Greater differences in chondrogenesis were observed between the fibrin/ECM 

constructs and fibrin/gelatin constructs in vivo than were observed in vitro. Such differences 

may be due, at least in part, to the different cell populations used in the in vitro and in vivo 

studies. Culture expanded infrapatellar fat pad-derived stem cells were used for the in vitro 

studies, while freshly isolated stromal cells isolated from the infrapatellar fat pad (i.e. no 

culture expansion prior to implantation) were used for the in vivo studies. We typically 

observe poor chondrogenesis using freshly isolated stromal cells in vitro, therefore we 

typically use culture expanded stem cells for evaluating different hydrogel/scaffold designs in 

vitro. The culture expanded stem cells likely have a stronger overall chondrogenic potential; 

hence generating relatively robust chondrogenesis in vitro in both the fibrin/ECM and 

fibrin/gelatin constructs. We speculate that the freshly isolated stromal cell population is 

more responsive to the cues provided by the cartilage ECM components. In addition, 
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uncharacterized differences between the in vitro culture environment and that in the back of 

a mouse are also likely playing a role. 

Finally, it is relevant to affirm that further studies need to be performed to assess 

immune response, alternative methods of devitalization and decellularization, and the 

capacity of the proposed therapy to regenerate cartilage defects in large animal models. 

From a translation perspective, the proposed strategy of freshly isolating fat pad stromal 

cells and embedding them in an ECM functionalized fibrin hydrogel seems promising, as it 

may be used as a minimally invasive approach for single-stage cartilage repair. The strategy 

of cryomilling and devitalizing native ECM to produce bioactive particles, and incorporating 

them in a well-established fibrin hydrogel with stromal cells and/or growth factors, has 

multiple potential applications for tissue regeneration.  

5. Conclusion 

The objective of this study was to functionalize an injectable fibrin hydrogel with a 

view to developing a single-stage therapy for cartilage repair. We demonstrate that ECM-

derived microparticles can deliver TGF-β3 and that this system can induce chondrogenesis 

of freshly isolated fat pad-derived stromal cells in vivo. This finding supports the concept that 

populations of freshly isolated stromal cells, when combined with a chondroinductive 

hydrogel, can induce cartilage formation and can potentially be used in single-stage, 

minimally invasive procedures for cartilage regeneration. The translation of such a strategy 

would overcome many of the current limitations associated with clinically available cell-

based therapies for cartilage repair. 
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8. Figure captions 

Figure 1 – Fibrin hydrogels functionalized with ECM microparticles. Cartilage before 

cryomilling (A). SEM micrograph of the pulverized ECM (B) and high magnification for 

cartilage particles (C) (scale bar: 500 µm (B) and 100 µm (C)). Macroscopic appearance of 

cylindrically-shaped hydrogels:  fibrin only (D), fibrin/ECM 2% (w/v) (E) and fibrin/ECM 10% 

w/v (F) (scale bar: 2 mm). Alternative scaled-up geometry for fibrin/ECM 2% (w/v) (G) and 

fibrin/ECM 10% w/v (H). 

Figure 2 – TGF-β3 stimulation enhances chondrogenesis in fibrin/ECM hydrogels in 

vitro. Macroscopic view of unstimulated fibrin/ECM constructs (A) and fibrin/ECM constructs 

stimulated with TGF-β3 (E). All hydrogels are seeded with human fat pad-derived stem cells 

and maintained in culture for 28 days prior to analysis (n=4, *p˂0.05). Alcian blue (AB), 

picro-sirius red (PR) and type II collagen (Coll II) staining for fibrin/ECM constructs (B-D) and 

fibrin/ECM constructs stimulated with TGF-β3 hydrogel (F-H). DNA (I), sGAG (J) and 

collagen (K) accumulation within fibrin/ECM constructs (-TGF-β3) and fibrin/ECM constructs 

stimulated with TGF-β3 (+TGF-β3). Scale bar: 50 µm. 

Figure 3 – Release of TGF-β3 from ECM microparticles. TGF-β3 release into the media 

from the fibrin/ECM constructs and fibrin/gelatin constructs, as measured by ELISA (n=3). 
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Cumulative release values are presented as a percentage of the initial amount of TGF- β3 

loaded into the scaffold. 

Figure 4 – Chondrogenesis within TGF-β3 releasing hydrogels in vitro.  Macroscopic 

view of fibrin/ECM constructs loaded with TGF-β3 (A) and fibrin/gelatin constructs loaded 

with TGF-β3 (E). Alcian blue (AB), picro-sirius red (PR) and type II collagen (Coll II) staining 

for fibrin/ECM constructs loaded with TGF-β3 (B-D) and fibrin/gelatin constructs loaded with 

TGF-β3 (F-H). DNA (I), sGAG (J) and collagen (K) accumulation within fibrin/ECM 

constructs loaded with TGF-β3 and fibrin/gelatin constructs loaded with TGF-β3. All 

hydrogels were seeded with human fat pad-derived stem cells and maintained in culture for 

28 days prior to analysis (n=4, *p˂0.05). Scale bar: 50 µm. 

Figure 5 – TGF-β3 delivery enhances chondrogenesis within ECM functionalized fibrin 

hydrogels in vivo.  Macroscopic view of fibrin/ECM hydrogels without (A) and with (E) the 

incorporation of TGF-β3. Alcian blue (AB), picro-sirius red (PR) and type II collagen (Coll II) 

staining of fibrin/ECM hydrogels without (B-D) and with (F-H) the incorporation of TGF-β3. 

Superior matrix deposition was observed in vivo when TGF-β3 was soak-loaded into the 

ECM microparticles. All data corresponds to fibrin/ECM hydrogels after 28 days in vivo. 

Scale bar: 50 µm. 

Figure 6 – Comparison of the capacity of fibrin/gelatin and fibrin/ECM hydrogels to 

support chondrogenesis in vivo. Macroscopic view of acellular fibrin/gelatin (A), acellular 

fibrin/ECM (I), fibrin/gelatin seeded with freshly isolated stromal cells (E) and fibrin/ECM 

seeded with freshly isolated stromal cells (M). All constructs were loaded with TGF-β3 prior 

to implantation. Alcian blue (AB), picro-sirius red (PR) and type II collagen (Coll II) staining 

for acellular (B-D) and cell-laden (F-H) fibrin/gelatin constructs and acellular (J-L) and cell-

laden (N-P) fibrin/ECM constructs. sGAG/DNA accumulation within cell-laden fibrin/ECM 

constructs compared to fibrin/gelatin constructs (Q) (n=6, *p˂0.05). All data corresponds to 

constructs implanted for 28 days in vivo. Scale bar: 50 µm. 
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