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h DIMEC, Alma Mater Studiorum, Università di Bologna, via Massarenti 9, 40138 Bologna, Italy   

A R T I C L E  I N F O   

Keywords: 
Chitosan/dextran-based scaffold 
Stress relaxing hydrogel 
Human mesenchymal stromal cells 
Tissue engineering 
Cartilage regeneration 

A B S T R A C T   

Selection of feasible hybrid-hydrogels for best chondrogenic differentiation of human mesenchymal stromal cells 
(hMSCs) represents an important challenge in cartilage regeneration. In this study, three-dimensional hybrid 
hydrogels obtained by chemical crosslinking of poly (ethylene glycol) diglycidyl ether (PEGDGE), gelatin (G) 
without or with chitosan (Ch) or dextran (Dx) polysaccharides were developed. The hydrogels, namely G-PEG, G- 
PEG-Ch and G-PEG-Dx, were prepared with an innovative, versatile and cell-friendly technique that involves two 
preparation steps specifically chosen to increase the degree of crosslinking and the physical-mechanical stability 
of the product: a first homogeneous phase reaction followed by directional freezing, freeze-drying and post- 
curing. Chondrogenic differentiation of human bone marrow mesenchymal stromal cells (hBM-MSC) was 
tested on these hydrogels to ascertain whether the presence of different polysaccharides could favor the for-
mation of the native cartilage structure. We demonstrated that the hydrogels exhibited an open pore porous 
morphology with high interconnectivity and the incorporation of Ch and Dx into the G-PEG common backbone 
determined a slightly reduced stiffness compared to that of G-PEG hydrogels. We demonstrated that G-PEG-Dx 
showed a significant increase of its anisotropic characteristic and G-PEG-Ch exhibited higher and faster stress 
relaxation behavior than the other hydrogels. These characteristics were associated to absence of chondrogenic 
differentiation on G-PEG-Dx scaffold and good chondrogenic differentiation on G-PEG and G-PEG-Ch. Further-
more, G-PEG-Ch induced the minor collagen proteins and the formation of collagen fibrils with a diameter like 
native cartilage. 

This study demonstrated that both anisotropic and stress relaxation characteristics of the hybrid hydrogels 
were important features directly influencing the chondrogenic differentiation potentiality of hBM-MSC.   

1. Introduction 

The treatment of cartilage degeneration is a complex clinical prob-
lem, and the need for effective methods to replace or integrate parts of 
the cartilage tissue remains an unsolved issue. The injury or loss of 

cartilage tissue can be a consequence of trauma or physiological wear, 
especially in athletes or people who utilize knee cartilage more intensely 
and for longer period. Articular cartilage lesions generally do not heal, 
due to the lack of nerves, blood vessels and a lymphatic system [1,2]. 
The limited reparative capabilities of articular cartilage (hyaline 
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cartilage) usually results in the generation of fibrocartilage tissue that 
lacks the structure and biomechanical properties of healthy cartilage 
and degrade over the course of time. Currently, the most widely utilized 
techniques for cartilage defects, and degeneration are not articular 
cartilage substitution procedures, but rather lavage, arthroscopic 
debridement, and repair stimulation. Arthroscopic washing involves the 
use of irrigating solutions into the joint that eliminate degenerative 
cartilage debris and can provide temporary pain relief but have little or 
no chance of definitive repair and healing. Repair stimulation is con-
ducted by means of drilling, abrasion arthroplasty or microfracture. 
Penetration into the subchondral bone induces bleeding and formation 
of fibrin clot which promotes initial repair of the cartilage. However, the 
newly generated tissue has a fibrous and not durable nature; it de-
generates and presents loss of resilience, stiffness, and wear character-
istics over time. Although several methods are currently known, the 
treatment of joint cartilage degeneration remains a difficult clinical 
problem showing the regenerated cartilage fibro-hypertrophic charac-
teristics [3]. 

Tissue engineering could represent a possible solution for the repair 
and regeneration of these tissues [4]. The development of new engi-
neered scaffolds that, implanted in the body can temporarily compen-
sate for the impaired function and stimulate the regrowth of damaged 
tissue, represents a challenge for researchers. To address this issue, 
scaffold-based tissue engineering attempts to recapitulate native 
cartilage-like microenvironment to stimulate chondrogenesis. Remark-
ably, for successful cartilage tissue repair, a sagacious selection of 
biomaterial is also crucial. Native articular cartilage niche comprises 
chondrocytes and a specialized extra cellular matrix (ECM) mainly 
composed of collagen that form a network with linear hetero-
polysaccharide glycosaminoglycans (GAGs) [5–7]. Collagen type II is 
the major component of ECM (approximately 90%) in mature articular 
cartilage, with smaller amounts of collagen type XI (3%) and IX (1%) 
[8,9]. This specialized ECM provides unique mechanical properties of 
cartilage tissue including, stress management, wear-resistance and load- 
bearing capability without being damaged [10]. While collagen plays 
the pivotal role in structural and load-bearing performance, thanks to its 
strain-stiffening effect, surrounding polysaccharide elastically reinforces 
collagen and synergistically participates in internal stress management 
[11]. Apart from mechanical contribution, polysaccharide allows to 
absorb substantial water and various fluids, because of its highly hy-
drophilic nature, resulting in a smooth and lubricated surface that fa-
cilitates load transmission with a low frictional coefficient [10]. 
Altogether, a hybrid - protein plus polysaccharide - scaffolding material 
may appear as a potential platform for chondrogenic differentiation of 
stem cell. 

Numerous polysaccharides including, hyaluronic acid, chondroitin 
sulphate, chitosan, alginate and agarose, demonstrate their potentiality 
as biomaterials for cartilage tissue engineering due to the engagement of 
saccharide unit in cell signalling, among other advantageous factors 
[12,13]. However, chitosan (Ch), a derivative of the alkaline deacety-
lation of chitin, stands top in the polysaccharide list, because of being 
biocompatible, biodegradable, bacteriostatic, hemostatic, non-toxic, 
and bioactive and having structural similarity to glycosaminoglycan 
(GAG), and processability to porous scaffolds, films and beads [14,15]. 
On the other hand, dextran (Dx) an easily available polysaccharide and 
its derivatives, appears to be shown in biomedical application, partic-
ularly, towards angiogenesis and wound healing process [16–19]. 
Though, Dx-based hydrogels have been successfully used for cartilage 
tissue regeneration, but they are mostly 3D unstructured products 
(injectable hydrogels and microcarrier) [20–23]. 

In a previous study, we compared the physicomechanical properties 
and the degree of chondrogenesis of a novel gelatin (G)-polyethylene 
glycol (PEG) hydrogel alone and with different quantities of Ch with the 
aim of identifying the most favourable conditions for cartilage tissue 
regeneration [24]. We demonstrated that high concentration of Ch in 
combination with TGFβ3 chondrogenic factors create an environment 

that induced human bone marrow mesenchymal stromal cells (hBM- 
MSCs) chondrogenic differentiation by recapitulating specific phases 
that have contribute to increase chondrogenic markers associated with a 
decrease of hypertrophic and fibrotic markers [24]. 

Following this excellent result and considering the role of anisotropy 
in cartilage tissue regeneration [25–27] that impact on cell phenotype 
and function [28,29], we investigated the extent of chondrogenic dif-
ferentiation of hBM-MSCs in response to the degree of elastic anisotropy 
of different hydrogels. In the present study, we aimed to clarify the role 
of the polysaccharide as well as physicomechanical properties on 
chondrogenesis, on three hydrogels that shared the same backbone of G- 
PEG, with a constant ratio of G/PEG (equal to 4.2), without or with the 
same amount of two different polysaccharides, namely, Ch (G-PEG-Ch) 
and Dx (G-PEG-Dx). 

2. Materials and methods 

2.1. Polysaccharides hybrid hydrogels preparation 

The hybrid hydrogels were synthesized using a developed method-
ology in our laboratory [30]. Briefly, 6 g of type A gelatin (G) (phar-
maceutical grade, 280 bloom, viscosity 4.30 mPs, produced from pig 
skin, Italgelatine, Cuneo, Italy) was dissolved in 65 ml distilled water at 
40 ◦C and then stirred, followed by dropwise addition of 1.4 g poly 
(ethylene glycol) diglycidyl ether (PEGDGE, molecular weight 526 Da, 
Sigma-Aldrich Co, Milan, Italy) and 70 mg ethylene diamine (EDA, 
Fluka, Milano, Italy). To obtain G-PEG hydrogel, the reaction mixture 
was gently stirred at 40 ◦C for 20 min and poured into the glass plate for 
gel formation. The gel was then cut into a rectangular bar and placed 
into pyrex crystallizing dish. The direction-dependent freezing was done 
by resting the crystallizing dish on the surface of 8-cm-deep pool of 
liquid nitrogen, enabling freeze-casting at − 196 ◦C. Freezing was visu-
ally assessed. During the evaporation of liquid nitrogen, the gel was 
unidirectionally frozen from the bottom to the top. The gel was incu-
bated for 30 min at the freezing temperature for ensuring complete 
freezing. Subsequently, the frozen gel was transferred to the freeze-dryer 
(lyophilizer), operating under vacuum at -60 ◦C, for sublimation of ice 
crystals, resulting in an anisotropic porous dry material. Finally, the 
porous material was post-cured at 45 ◦C for 2 h in the oven under vac-
uum to complete crosslinking or grafting reactions. The freeze-dried gel 
was washed several times with distilled water at 37 ◦C to eventually 
remove the unreacted reagents and soluble components and finally 
freeze-dried in lyophilizer. In order to prepare G-PEG-Ch and G-PEG-Dx 
hydrogels, the required amounts of chitosan (Ch = 16 wt%, molecular 
weight between 50,000–190,000 Da and degree of deacetylation 
75–85%, Fluka) (2 wt% solution in acetic acid) and dextran (16 wt%) 
was individually dissolved into the G-PEG reaction mixture. The final 
reaction mixture was gently stirred at 40 ◦C for 20 min to obtain ho-
mogeneous mixture, poured into the glass plate for gel formation and 
then followed the above stated steps. Fig. 1a shows the preparation 
scheme of hybrid anisotropic hydrogels G-PEG, G-PEG-Ch and G-PEG- 
Dx. The composition and physical properties of the hydrogels are re-
ported in Table 1. 100 cylindrical samples (D = 8 mm h = 5 mm) of each 
hydrogel compositions were cut by mechanical saw in dry state and 
packed into polypropylene bag and sealed under vacuum. Packed 
hydrogel scaffold samples were sterilized by gamma irradiation with 
Cobalt 60 gamma rays using 27–33 kGy following UNI EN ISO 11137 
(Sterilization of Health Care Products). 

2.2. Chemical, morphological and mechanical characterization of hybrid 
hydrogels 

Fourier transform infrared (FTIR) spectra were obtained on dry 
hydrogels using a Thermo Scientific, Nicolet iS50 FTIR spectropho-
tometer (Thermo Fisher Scientific, Madison, Wisconsin, USA) equipped 
with a PIKE MIRacle attenuated total reflectance attachment and 

L. Sartore et al.                                                                                                                                                                                                                                  



Materials Science & Engineering C 126 (2021) 112175

3

recorded over a range of 400 to 4000 cm− 1 at a resolution of 4 cm− 1. 
Density and porosity of the dry samples were measured using liquid 

substitution method of Kothapalli et al. [31] using pure ethanol as the 
displacing liquid because it penetrates easily into the pores of the sam-
ple, without altering the structure itself. 

The texture, morphology and porous structure of hydrogels were 
observed in both parallel and perpendicular directions using a stereo-
microscope (LEICA DMS 300) with reflected light. The pore size was 
evaluated in terms of pore diameter, as evaluated on 100 pores by means 
of an image analysis software (Image J). 

Compression and cyclic compression tests were carried out by an 
Instron series 3366 testing machine (INSTRON, Norwood, Massachu-
setts, USA), equipped with a 50 N load cell. The specimens were tested at 
room temperature after immersion in distilled water for 24 h at 37 ◦C 
(swollen condition). Samples were cut into rectangular specimens and 
compressed either in parallel or perpendicular to the macroporous 
channels at a strain rate of 10%/min up to 50% strain, then immediately 
unloaded. Before commencing the compression test, a load of 0.01 N was 
applied to ensure complete contact between the sample surface and 
plate. Ten consecutive loading-unloading cycles were applied without 
resting time. The dimension of the samples was measured using an op-
tical travelling microscope. At least six specimens were tested for each 
hydrogel composition. Engineering stress and engineering strain were 
calculated using the dimensions of undeformed specimens, and the 
initial elastic modulus (stiffness) was determined from the slope of the 
initial linear segment of stress-strain curves. The energy absorption of 
the hydrogels was derived from the cyclic compressive stress-strain re-
lations. Hysteresis loop area, bounded by the loading unloading curves, 
indicates the dissipated energy or adsorbed energy due to the viscous 
nature of the hydrogels. The compression energy (kJ/m3), total energy 
applied to the hydrogel during compression, is defined as the area 

enclosed by loading curve and horizontal axis, while as, relaxation en-
ergy (kJ/m3) is the area bounded between unloading curve and hori-
zontal axis. The dissipation energy (kJ/m3) loss during hysteresis cycle 
was calculated from the area bounded within hysteresis loop. The per-
centage of dissipation energy was determined by dividing the dissipa-
tion energy by the compression energy. The modulus anisotropy is 
defined as the ratio of elastic modulus in parallel to the perpendicular 
direction. 

The stress-relaxation properties of the hydrogels were assessed by 
compression relaxation test. The pre-conditioned samples were quickly 
compressed to 15% strain with a deformation rate of 60 mm/min, and 
the strain was held constant up to 20 min, while the variation of stress 
was recorded as a function of time. 

2.3. Hydrolytic mass loss evaluation and swelling ratio 

The dry weighed (Wi) samples were incubated in distilled water at 
37 ◦C over a three-week period. At regular intervals of 1, 10 and 21 days, 
the samples were removed, weighed (Ww), rinsed with fresh water, air 
dried followed by vacuum dried at 45 ◦C for 4 h, and finally dried mass 
(Wf) was measured. The swelling ratio (%) and mass loss (%) was 
calculated using following equations: 

Swelling ratio (%) =
(
Ww − Wf

)/
Wf × 100  

Mass loss (%) =
(
Wi − Wf

)/
Wi × 100  

2.4. Chondrogenesis of human BM-MSCs on scaffolds 

Human BM-MSCs were obtained from three different subjects, after 
scheduled BM harvests according to international standards and after 

Fig. 1. (a) Preparation scheme of hybrid anisotropic hydrogels G-PEG, G-PEG-Ch and G-PEG-Dx. (b) Optical microscopy of the hybrid hydrogels showing porous 
structure in perpendicular (cross-section view) and parallel (side view, the black arrow indicates the direction of macroporous channels) directions in the dried 
condition (scale bars: 1 mm). (c) FTIR spectra of pure components and final hydrogels. 

Table 1 
The composition and physical properties of the hybrid hydrogels.  

Hydrogel Composition (wt%) Physical properties 

G PEG CH Dx Apparent density [g cm− 3] Porosity [%] Mean pore sizesa (μm) Ranges of pore sizesa (μm) 

G-PEG  81  19 – – 0.16 ± 0.01 75 ± 2 247 ± 80 50÷320 
G-PEG-Ch  68  16 16  0.10 ± 0.02 81 ± 7 310 ± 75 50÷400 
G-PEG-Dx  68  16  16 0.11 ± 0.02 78 ± 4 235 ± 87 80÷470  

a Mean pore sizes and ranges of pore dimensions were evaluated on dry hydrogels; the pore size was evaluated in terms of pore diameter, as evaluated on 100 pores 
by means of an image analysis software (Image J). 
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donor informed consent in accordance with the Declaration of Helsinki, 
expanded in culture with human platelet lysate and characterized as 
previously reported [24]. 1 × 106/100 μl hBM-MSCs were slowly seeded 
on G-PEG, G-PEG-Ch and G-PEG-Dx scaffolds of defined dimensions (5 
mm width x 5 mm length x 4 mm height) in a 24-well non-adherent plate 
(Corning, Toledo, OH, USA) for 4 h at 37 ◦C. Cell adhesion to the scaf-
folds was checked by an inverted microscope (Nikon Instruments Europe 
BW) and the scaffolds were maintained in culture at 37 ◦C with 5% CO2 
in 2 ml of DMEM medium (Life Technologies). After 24 h, two milliliters 
of DMEM medium was substituted with control medium (CM) (high- 
glucose DMEM supplemented with 50 mg/ml ITS + premix, 10− 7 M 
dexamethasone, 50 μg/ml ascorbate–2 phosphate, 1 mM sodium pyru-
vate and 100 U/ml-100 μg/ml penicillin-streptomycin, Sigma Aldrich) 
or with CM containing chondrogenic factor (TGF-β3, 10 ng/ml, Milth-
enyi Biotech, Auburn, CA, USA). Cell culture medium was changed twice 
a week. 

2.5. Cell metabolic activity 

Each construct was analysed for cell metabolic activity at days 1, 14, 
28 and 48 by Alamar blue test. Briefly, the samples were incubated with 
10% Alamar blue and after 4 h, the absorbance was read at 560 nm and 
600 nm using automated spectrophotometric plate reader TECAN 
Infinite® 200 PRO (Tecan Italia S.r.l., Cernusco Sul Naviglio, Italy). The 
results were expressed as percentages of Alamar blue reduction, as 
indicated by the manufacturer's data sheet (Bio-Rad Laboratories). 

2.6. Molecular biology analysis 

Total RNA was extracted from all cell-scaffold samples at days 1 and 
28 as previously reported [24]. Real time PCR was performed with 
LightCycler®2.0 (Roche Molecular Biochemicals, Mannheim, Germany) 
for the quantification of the following markers: Aggrecan (ACAN), SRY- 
Box Transcription Factor 9 (SOX9), Collagen type 1 alpha1 chain 
(COL1A1), Collagen type 2 alpha 1 chain (COL2A1), Collagen type 9 
alpha 1 chain (COL9A1), Collagen type 11 alpha 1 chain (COL11A1), 
Cartilage oligomeric matrix protein (COMP), Metalloproteinase-13 
(MMP-13), Collagen type 10 alpha 1 chain (COL10A1) (Table 2). Ribo-
somal protein 9 (RPS9) was tested as reference gene. Each sample was 
processed in duplicate. Relative expression levels for each target gene 
were calculated according to the formula 2− ΔCt, and expressed as fold 
change day 1 = 1. 

2.7. Light microscopy analysis 

On day 28 G-PEG, G-PEG-Ch and G-PEG-Dx scaffolds were fixed in 
4% paraformaldehyde in PBS for 2 h, washed in PBS, dehydrated in 
ethanol, and embedded in paraffin. Sections of 5 μm were then stained 
for Toluidine blue/Haematoxylin-Eosin (Bioptica, Milan, Italy) and 
slides analysed by a light microscope according to the manufacturer 
instructions. To evaluate mineralization, we performed von Kossa 
staining. Briefly, sections were deparaffined, rehydrated and stained 
with 5% aqueous silver nitrate (Sigma-Aldrich, USA) solution under 
ultraviolet light for 30 min, rinsed in de-ionized water, immersed in 5% 
sodium thiosulfate solution (Sigma-Aldrich, USA) for 5 min RT and 
counterstained with haematoxylin. A positive control of hBM-MSCs 
osteogenic differentiated on biomaterial was included. 

2.8. Transmission electron microscopy analysis 

For ultrastructural evaluation, the scaffolds at day 48 were fixed in 
2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4, 3 h at TA, then 
overnight at 4C◦ and processed as previously reported [24]. Ultrathin 
sections were stained with tannic acid, uranyl acetate and lead citrate, 
and observed with a Zeiss EM 109 transmission electron microscope 
(Zeiss, Oberkochen, Germany). Images were captured using a Nikon 
digital camera Dmx170 1200F and ACT-1 software. The quantitative 
image analysis of collagen fibrils diameters was performed on 10 images 
(original magnification x30000) using image analysis program Adobe 
photoshop CC 2017 (Adobe system). In each image we counted the total 
number of fibrils and calculated the frequency percentage of fibrils 
diameter of 10-19 nm, 20-29 nm, 30-39 nm, 40-49 nm and 50-59 nm as 
reported by Tanaka [32]. 

2.9. Statistical analysis 

Statistical analysis was performed using non-parametric tests since 
the data did not have normal or strongly asymmetric distribution. Sta-
tistical analysis for metabolic activity data was performed using 2 
ANOVA with Tukey's multiple comparisons test. For genes expression 
statistical analysis was performed Kruscall-Wallis ANOVA test with 
Dunn's for multiple comparison. Numerical and graphical results are 
presented as mean ± standard deviation (SD) with graphical results 
produced using GraphPad Prism (version 7.04). Significance was 
accepted at a level of p < 0.05 or p < 0.01. 

Table 2 
Oligonucleotide primers used for real-time PCR.  

Name Gene symbol Ref_Seq Primer sequences Primer efficiency (%) 

Aggrecan ACAN NM_001135 FW:TCGAGGACAGCGAGGCC 
REV:TCGAGGGTGTAGCTGTAGAGA 

96,5 

Cartilage oligomeric matrix COMP NC_000019.9 
NG_007070.1 
NT_011295.11 

Biorad unique assay ID: qHsaCID0021064 95 

Collagen type 1 alpha 1 chain COL1A1 NM_000088 FW:CCTGGATGCCATCAAAGTCT 
REV:CGCCATACTCGAACTGGAAT 

95,4 

Collagen type 2 alpha 1 chain COL2A1 NM_001844 FW:GACAATCTGGCTCCCAAC 
REV:ACAGTCTTGCCCCACTTAC 

98,1 

Collagen type 9 alpha 1 chain COL9A1 NM_078485 
NM_001851 

FW:CAGGAAGAGGTCCCAAC 
REV:GCTGGCTCACAGAAACC 

95 

Collagen type 10 alpha 1 chain COL10A1 NM_000493 FW:TGCTGCCACAAATACCCTTT 
REV:GTGGACCAGGAGTACCTTGC 

96,8 

Collagen type 11 alpha 1 chain COL11A1 NC_000001.10 
NT_032977.9 
NG_008033.1 

Biorad unique assay ID: qHsaCID0009011 98 

Metallopeptidase 13 MMP-13 NM_002427 FW:TCACGATGGCATTGCT REV:GCCGGTGTAGGTGTAGA 92,5 
SRY- Box Transcription factor 9 SOX9 NM_000346 FW:GAGCAGACGCACATCTC 

REV:CCTGGGATTGCCCCGA 
97,2 

Ribosomal protein 9 RPS9 NM_001013 FW:AAGTCCATCCACCACGCTC 
REV:GGAATCCAGGCGGACAATGA 

94,1  
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3. Results 

3.1. Anisotropic hybrid hydrogels preparation 

At first, we synthesized anisotropic polysaccharide-based hybrid 
hydrogels using a very simple uniaxial freezing technique developed in 
our laboratory [30]. The crosslinking and grafting reactions between 
available functional groups (-NH2, -COOH, -OH) of polymers (gelatin, 
chitosan and dextran) and crosslinking agent i.e. epoxy PEG were car-
ried out using a facile but robust synthetic procedure in aqueous envi-
ronment without using any additives or solvents followed by freeze 
drying technique. The developed protocol produced structurally stable 
hydrogels and allowed effective gamma sterilization of the samples 
without compromising their physicomechanical properties [33]. For 
imparting anisotropy, directional freeze-drying approach was adopted. 
During the liquid nitrogen-driven directional freezing (at -196 ◦C) of the 
gels, water molecule crystallizes to form aligned ice crystals template 
along the freezing direction, and the polymer chains rest in the gaps 
between them. The freeze-drying process under vacuum sublimates the 
ice crystals resulting in the interconnected macroporous channels along 
the freezing direction, as shown in Fig. 1b. While the cross-section view 
revealed highly interconnected irregular spherical pore morphology 
suggesting that the hybrid hydrogels have anisotropic architectures. 
Fig. 1c showed the FTIR analysis done on the samples after washing out 
the eventually un-reacted and soluble components. It was observed that 
all characteristic peaks of individual components are present in the final 
hydrogels indicating the hybrid nature of the prepared hydrogels. 
Particularly, the absorption peaks of 1631 and 1552 cm− 1 which are 
corresponded to amide I and amide II, respectively, of the gelatin pro-
tein, while peak around 1096 cm− 1 which is assigned to C–O stretching 
(ether bond C-O-C) confirm the presence of PEG in the final hydrogels. 
Additionally, incorporation of Ch and Dx polysaccharides contributes 
the band around 1080–1032 cm− 1 [34]. 

The composition and the physical properties of the hybrid hydrogels 
were tabulated in the Table 1. The apparent density and porosity of the 
hybrid hydrogels was measured using ethanol displacement method. All 
hybrid hydrogels showed a high porosity of around 80% and based on 
the evaluation of pore diameters on images taken with the optical mi-
croscope, the pore size ranges between 50 and 470 μm with an average 
diameter ranging from 235 to 310 μm. The pores are thus on the average 
in line with the size requirement to ensure cell penetration, migration, 
and growth, as well as an optimal tissue vascularization. Moreover, the 
high porosity and hydrophilic nature of the constituent polymers 
enabled high water retention ability to all hydrogels, as shown in Fig. 2a. 
However, G-PEG-Ch and G-PEG-Dx showed higher amount of water 

uptake compared to that of G-PEG hydrogels, and the cause might be due 
to the lower cross-linking density (as confirmed by mechanical test) and 
higher hydrophilic nature of polysaccharides such as, Ch and Dx. 
Consequently, this higher water uptake and lower crosslinking density 
resulted in higher hydrolytic mass losses for G-PEG-Ch and G-PEG-Dx, as 
compared to G-PEG hydrogels, as shown in Fig. 2b. 

3.2. Anisotropic mechanics and viscoelastic nature of the hybrid 
hydrogels 

Fig. 3a shows the compressive stress-strain curves when compressed 
in parallel direction for all hybrid hydrogels. It was evident that incor-
poration of Ch and Dx into the G-PEG networks slightly reduced 
compressive elastic modulus (stiffness) of the hydrogels. The stiffness of 
the G-PEG, G-PEG-Ch and G-PEG-Dx hybrid hydrogels in parallel di-
rection was found to be 0.33, 0.25 and 0.28 MPa, respectively, as shown 
in Table 3. The similar reduced trend was also visible for compression in 
perpendicular direction. Fig. 3b, c, d shows the direction-dependent 
compressive stress-strain curves for all hybrid hydrogels. All hydrogels 
display distinct stress-strain curves when they are compressed in parallel 
and perpendicular to the macroporous directions, indicating the aniso-
tropic mechanics of the hydrogels. The elastic anisotropy, defined as the 
ratio of elastic modulus in parallel and perpendicular direction, for G- 
PEG, G-PEG-Ch and G-PEG-Dx hybrid hydrogels was found to be 2.8, 3.1 
and 10.0, respectively. Interestingly, polysaccharide incorporation 
increased anisotropic ratio, particularly for dextran. G-PEG-Dx showed 
more than three times anisotropic ratio compared to that of parent G- 
PEG hybrid hydrogel. 

Percentage dissipation energy and stress relaxation are two main 
features that indicate viscoelastic response of the material. We further 
investigated the cyclic compression test to measure the percentage 
dissipation energy, which is defined as the ratio of area between loading 
and unloading curves to the area covered by the loading curve, of the 
hybrid hydrogels. Table 3 shows the percentage dissipation energy of 
the hybrid hydrogels both in parallel and perpendicular directions. All 
hybrid hydrogels are viscoelastic, and a significantly increased per-
centage dissipation energy of polysaccharide-based hybrid hydrogels 
was observed compared to that of parent G-PEG hydrogel. In addition to 
percentage dissipation energy, stress relaxation property of all hybrid 
hydrogels was investigated under a constant 15% strain both in parallel 
and perpendicular directions in wet condition, and Table 4 and Fig. 4a, b 
demonstrate the stress relaxing properties in both directions. In line with 
percentage dissipation energy, all hybrid hydrogels showed stress 
relaxation behavior. Importantly, G-PEG-Ch depicted higher and faster 
(shorter stress relaxation half time, τ1/2, the time required by stress to 

Fig. 2. (a) Swelling ratio (%) of the hybrid hydrogels carried out in distilled water at 37 ◦C as a function of soaking time and (b) mass loss (%) of the hybrid hydrogels 
during hydrolytic degradation at 37 ◦C for up to one month. 
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gradually decrease half of its initial stress (maximum) value) stress 
relaxation behavior compared to those of G-PEG and G-PEG-Dx hydro-
gels, and this higher stress relaxing response can be attributed to the 
molecular structure of chitosan. Notably, for all hybrid hydrogels, a 
higher and faster stress relaxation was observed in case of parallel 
compression, as compared to its counterpart (perpendicular) compres-
sion. This improved stress relaxing property in parallel compression 
might be due to the faster water movement within the hydrogel system. 

3.3. Human BM-MSCs metabolic activity is modulated by scaffold 
composition 

We evaluated hBM-MSCs metabolic activity after seeding on G-PEG, 

Fig. 3. Compressive mechanical properties of the hybrid hydrogels in the wet condition. (a) Compressive stress-strain curves showing comparison for all hybrid 
hydrogels in the parallel direction. Compressive stress-strain curves showing anisotropic properties for G-PEG (b), G-PEG-Ch (c) and G-PEG-Dx (d) hybrid hydrogels 
both in parallel and perpendicular directions. 

Table 3 
Compressive mechanical properties and dissipation energies of the anisotropic hybrid hydrogels both in parallel and perpendicular to the macroporous channels in wet 
condition.  

Properties G-PEG G-PEG-Ch G-PEG-Dx 

Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular 

Compressive elastic modulus (MPa) 0.33 ± 0.04 0.12 ± 0.03 0.25 ± 0.09 0.08 ± 0.03 0.28 ± 0.02 0.028 ± 0.006 
Compressive stress at 50% strain (MPa) 0.08 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 
Compression energy (kJ/m3) 13.7 ± 4.2 14.5 ± 0.5 11.0 ± 1.5 8.8 ± 1.2 17.9 ± 4.3 5.4 ± 1.8 
Relaxation energy (kJ/m3) 8.7 ± 3.6 9.9 ± 1.2 6.02 ± 1.3 5.5 ± 0.6 7.4 ± 1.5 3.6 ± 0.8 
Dissipation energy (kJ/m3) 5.0 ± 0.6 4.6 ± 1.2 5.0 ± 0.9 3.3 ± 0.7 10.5 ± 3 1.8 ± 1.0 
Dissipation energy (%) 38 ± 4 32 ± 5 46 ± 7 38 ± 3 58 ± 4 32 ± 8 
Anisotropic ratio, Eǁ/E+ 2.8 3.1 10.0  

Table 4 
The stress relaxation properties of the anisotropic hybrid hydrogels held at 15% 
strain both in parallel and perpendicular to the macroporous channels in wet 
condition.  

Hydrogels systems Parallel compression (ǁ) Perpendicular compression 
(+) 

Relaxation [%] τ1/2 [s] Relaxation [%] τ1/2 [s] 

G-PEG 34 ± 4 1 ± 0.15 27 ± 2 1.9 ± 0.3 
G-PEG-Ch 45 ± 5 0.8 ± 0.01 31 ± 2 1.6 ± 0.5 
G-PEG-Dx 37 ± 4 1.5 ± 0.2 25 ± 4 2.5 ± 0.2  
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GPEG-Ch and G-PEG-Dx at day 1, 14, 28 and 48. As shown in Fig. 5, 
already at day 1 until day 48 hBM-MSCs metabolic activity was already 
significantly lower when cells were seeded on G-PEG-Dx compare to G- 
PEG (p < 0.05and p < 0.01, respectively) or G-PEG-Ch (p < 0.05 and p <
0.01, respectively). Interestingly, we observed the same significant cell 
metabolic decrease activity also at day 14 (p < 0.05) when hBM-MSCs 
were grown on G-PEG compared to G-PEG-Dx scaffolds. By contrast, 
we did not observe any difference in cell metabolic activity when cells 
were grown on G-PEG or G-PEG-Ch. 

3.4. Chondrogenic genes are differently modulated by scaffold 
composition 

Then, we evaluated COL1A1, COL2A1, COL9A1, COL11A1, SOX9, 
ACAN, COMP, MMP-13 and COL10A1 genes expression of chondrogenic 
induced BM-MSCs on G-PEG, GPEG-Ch and G-PEG-Dx scaffolds. As 
shown in Fig. 6 the expression of the transcription factor SOX9 and the 
ratio COL2A1/COL1A1 was significantly higher in G-PEG-Ch scaffold (p 
= 0.04 and p = 0.02, respectively) compared to G-PEG-Dx, while the 
expression of COL9A1 and COMP were significantly higher in G-PEG-Ch 
(p = 0.03 and p = 0.03, respectively) compared to G-PEG. Interestingly, 
the expression of COL1A1 was significantly lower in G-PEG-Ch (p =
0.04) compared to G-PEG. The expression of COL2A1, ACAN and 
COL11A1 did not show any difference among the scaffolds. The 
expression of hypertrophic marker MMP-13 was significantly higher in 
G-PEG-Dx (p = 0.02 and p = 0.002, respectively) respect to both G-PEG- 
Ch and G-PEG, while COL10A1 was significantly higher in G-PEG-Dx (p 

= 0.008) compared to only G-PEG-Ch. 

3.5. Cartilage proteoglycan expression and organization are modulated 
by scaffold composition 

We firstly evaluated the infiltration of the cells into the scaffolds on 
haematoxylin-eosin stained sections. As shown in supplementary Fig. 1, 
at day 28 we evidenced that cells well infiltrated both on the border and 
inner parts of all the three scaffolds. Toluidine blue metachromatic 
staining was then used for the assessment of chondrogenic differentiated 
cells on the G-PEG, G-PEG-Ch and G-PEG-Dx scaffolds. As shown in 
Fig. 7A, the positive metachromatic staining of toluidine blue [35] (that 
stain in blue the nuclei and in pink-purple the proteoglycan) was clearly 
evident only in G-PEG (Fig. 7Aa, b) and G-PEG-Ch (Fig. 7Ac, d), but not 
in G-PEG-Dx (Fig. 7Ae, f) scaffold. In particular, both in G-PEG and G- 
PEG-Ch scaffolds mostly of the cells showed a round morphology and 
were embedded into the proteoglycan matrix (Fig. 7Ab, d), while in G- 
PEG-Dx we found a spindle-like cell morphology with a not evident 
extracellular matrix (Fig. 7Af). In G-PEG and G-PEG-Ch scaffolds the 
extracellular matrix was well organized with the presence of areas more 
or less mature (from pink to purple). Interestingly, we also noted the 
presence of cells completely embedded into the proteoglycan matrix that 
resemble the characteristics of the condron structure typical of mature 
cartilage. Von Kossa staining (supplementary Fig. 2) confirmed the 
absence of mineralized area into all three scaffolds. 

Electron microscopy analysis also confirmed the presence of colla-
genic fibrils in the extracellular matrix (Fig. 7B) and a quantitative 
analysis evidenced a relative frequency percentage of collagenic fibrils 
with a diameter ranging from 10 to 49 nm (Fig. 7C). 

4. Discussion 

Designing and developing of novel scaffolding substrate remain a 
central piece of interest in the field of scaffold-based cartilage tissue 
engineering [1,4]. Due to their remarkable properties and cell-friendly 
perspective, hydrogels have emerged as the most promising candidate 
for tissue engineering application. Towards optimal performance, 
hydrogel development has been witnessing the emergence of a powerful 
set of new exciting design parameters to improve their ultimate utility. 
As such, we developed a novel ‘softly-cum-simply’ synthesis approach to 
fabricate hydrogels that were targeted to assist tissue regeneration. We 
exploited the synergy contribution between natural (gelatin, and poly-
saccharides chitosan and dextran) and synthetic polymer (polyethylene 
glycol) while keeping the threshold quantity of latter to avoid biocom-
patibility issue. Three hydrogels, namely, G-PEG, G-PEG-Ch and G-PEG- 
Dx were prepared via a green, simple, scalable and cost-effective 

Fig. 4. Stress relaxation properties of the all anisotropic hybrid hydrogels held at 15% strain both in parallel (a) and perpendicular (b) directions in wet condition.  
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synthesis procedure which mainly consists several sequential steps of 
grafting and cross-linking reactions, gelation, unidirectional freezing, 
freeze-drying and post curing process (Fig. 1a). The developed synthesis 
approach was versatile enough to accommodate a range of different 
polymers without perturbing the benign process conditions. The 
morphology of highly interconnected irregular spherical pores with 
macro and microporosities perpendicular to the freezing direction and 
macroporous channels along the freezing direction suggested that the 
prepared hybrid hydrogels have anisotropic architectures. The high 
porosity and interconnected pores with pore sizes ranging from 50 to 
470 mm, is believed to ensure cell life and growth and to promote mass 
transportation including, nutrients supply and wastes disposal, vascu-
larization and tissue regeneration [30,36]. 

Mechanical property of the scaffold is a key regulator to influence 
many cellular behaviors [37]. The collective mechanical behavior of all 
hydrogels was resemblance to the mechanics of anisotropic soft tissues. 
The incorporation of Ch and Dx into the G-PEG network results in a 
reduced availability of reactive primary amino groups of gelatin poly-
mer chains to react with the epoxy groups of PEG. The resulting lower 
cross-linking density and higher hydrophilicity of the polysaccharide 
lead to slightly reduced stiffness of the G-PEG-Ch and G-PEG-Dx 
compared to that of parent G-PEG hydrogels. Furthermore, the incor-
poration of polysaccharides increased the anisotropic character of the 
hydrogels mainly for G-PEG-Dx. 

Dissipation energy and stress relaxation are two main features that 
indicate viscoelastic response of the material, a time-dependent me-
chanical phenomenon which is reported to significantly influence many 
cellular behaviors, including cell spreading, proliferation and differen-
tiation [37]. All hybrid hydrogels exhibited dissipation energy and stress 
relaxation behavior thus demonstrating their viscoelastic behavior. 
Importantly, polysaccharide incorporation significantly improved per-
centage dissipation energy of the hybrid hydrogels, suggesting improved 
viscoelastic behavior of G-PEG-Ch and G-PEG-Dx compared to that of 
parent hydrogel G-PEG. Furthermore, G-PEG-Ch exhibited higher and 
faster stress relaxation behavior than the other hydrogels, which could 
be a factor positively affecting rapid cell remodeling towards tissue 
regeneration. 

Cell infiltration, metabolic activity, chondrogenic gene markers, 
proteoglycan, mineralization, cell morphology and collagenic fibrils 
were then evaluated to assess the chondrogenic potentiality of hBMSCs 
on these hybrid-hydrogels. We evidenced that hBMSCs only when 
chondrogenic differentiated on G-PEG, and G-PEG-Ch showed a signif-
icant higher decrease of metabolic activity that, as reported by different 
authors [24,38], represent the pre-requisite to cell differentiation. 
Moreover, as we previously reported [24], hBM-MSCs chondrogenic 
differentiation was also associated to a decrease of cellular proliferation. 
The presence of Dx on the scaffold seem to differently affect the meta-
bolic activity of chondrogenic differentiated hBMSCs suggesting a 
peculiar role of this molecule. Dextran has hydroxyl groups that can be 
functionalized with reactive groups like thiol (SH) so permitting the 
formation of crosslinked hydrogels. It has been shown that Dx-SH 
crosslinked to PEG [39] was suitable for cartilage tissue engineering 
using articular bovine chondrocytes but not with embryonic stem cells- 
derived mesenchymal-like cells that did not adhere to this scaffold 
confirming the different role of Dx molecule. Interestingly, it has been 
also demonstrated that Dx sulfate inhibit mesenchymal precursor cells 
chondrogenic differentiation by reducing proteoglycan synthesis [40]. 

The analysis of typical chondrogenic genes evidenced a peculiar 
expression at day 28 on the different scaffolds. ACAN, COL2A1 and 
COL1A1 genes were higher in G-PEG and lower in G-PEG-Dx. By 

contrast, the transcriptor factor SOX9 and COL2A1/COL1A1 ratio were 
higher on G-PEG-Ch and lower in G-PEG-Dx indicating that the presence 
of Dx in the backbone of the scaffold could have negatively modulated 
the expression of the chondrogenic genes. Interestingly, G-PEG-Ch 
scaffold had a positive effect also on the minor proteins of the extra-
cellular matrix like COL9A1 and COMP. In line with our previous paper 
[24], proteoglycan staining with toluidine blue evidenced that chon-
drogenic differentiation well occurred on G-PEG and G-PEG-Ch but not 
on G-PEG-Dx scaffold, confirming that the composition of the scaffold is 
able to counteract important chondrogenic signalling, like TGFβ3, that 
we used in culture for hBM-MSCs chondrogenic induction. The presence 
of Dx in the scaffold seem to reduce its biological activity, hBM-MSC 
well penetrated through the scaffolds (supplementary Fig. 1) but 
showed a fibroblastic shape and were unable to produce organized 
extracellular matrix as occurred in absence or presence of Ch. It has been 
shown that Dx-sulphate shows a dose-dependent inhibition MSCs 
chondrogenesis [40]. Moreover, also using Dx-tyramine hydrogels it has 
been shown that have poor pro-chondrocytic activity [41] that seem 
improved only by treatment of the scaffolds with heparin or hyaluronic 
acid or mixing MSC with chondrocytes [42–45].Our data were also 
corroborated by a study that demonstrated on bovine chondrocytes 
embedded in Dx tyramine conjugated hydrogel an increase of collagen 
type 1 and reduction of collagen type 2 [42] confirming a negative effect 
on chondrogenic markers. However, a recent study using bioorthogonal 
chemistry for preparation of an injectable dextran based-hydrogel have 
demonstrated an enhanced chondrogenesis of rabbit adipose derived 
stem cells, suggesting that other chemical crosslinking reactions could 
affect cell differentiation and are not suitable for biomedical applica-
tions [23]. By contrast, the positive effects of different Ch-based scaf-
folds on chondrogenic differentiation of mesenchymal stem cells have 
been well documented in several studies [24,46,47]. Chitosan showing a 
structure like glycosaminoglycan (GAG) of the cartilage, when supple-
mented to different scaffold types seem to provide an environment that 
positively induce mesenchymal cells chondrogenic differentiation and 
increase the formation of the cartilaginous extracellular matrix. 

Different papers [24,45,48] have focused on the regulation of hy-
pertrophy and/or matrix calcification during MSCs chondrogenesis in 
hydrogels. We previously demonstrated [24] that condrogenic differ-
entiated hMSCs in G-PEG-Ch reduced both the expression of hypertro-
phic and fibrotic markers (at gene and protein level) by increasing 
chondrogenesis. We confirmed that G-PEG-Ch was more efficient than 
G-PEG and G-PEG-Dx scaffolds in reducing the expression of the 
COL10A1 and MMP-13 hypertrophic markers and did not affect miner-
alization. It has been demonstrated [48] that hyaluronic acid hydrogel 
sulfation (at high concentration) promoted chondrogenesis by sup-
pressing hypertrophy of encapsulated hMSC indicating, in line with our 
data, that a simple modification of a group on a common backbone could 
affect the properties of the scaffold and consequently its effect on cell 
chondrogenesis. Furthermore, it has been shown that the phys-
icomechanical properties of the hydrogel mediated by alterations in the 
crosslinking density (i.e. mechanical stiffness and macromolecular 
diffusivity) must be considered in the context of the chondrogenic and 
hypertrophic differentiation. In particular, the increase in crosslinking 
density resulted in an overall decrease in cartilage matrix content and 
favoured hypertrophic differentiation and matrix calcification [45]. 

In light of this result the higher water uptake and lower mechanical 
stiffness of G-PEG-Ch, both indicating a lower cross-linking density than 
other hydrogels, are likely responsible for chondrogenic induction by 
reducing hypertrophic differentiation. It should also be highlighted that 
G-PEG-Ch exhibits higher and faster stress-relaxation properties than 

Fig. 6. Chondrogenic, fibrotic and hypertrophic markers on chondrogenic differentiated hBM-MSCs on G-PEG, G-PEG-Ch and G-PEG-Dx. SOX9, COL2A1, COL1A1, 
COL2A1/COL1A1 ratio, COL9A1, COL11A1, ACAN, COMP, MMP-13 and COL10A1 genes were analysed at day 28 on hBM-MSCs chondrogenic differentiated on G- 
PEG, G-PEG-Ch and G-PEG-Dx scaffolds. Data were expressed as fold change Day 1 = 1. Significant results between scaffolds were indicated as *p < 0.05 or **p 
< 0.01. 
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Fig. 7. Chondrogenic differentiation of 
hBM-MSCs on G-PEG, G-PEG-Ch and G- 
PEG-Dx. A. Toluidin blue staining of 
chondrogenic differentiated BM-MSCs 
on G-PEG (a, b), G-PEG-Ch (c, d) and 
G-PEG-Dx (e, f). Bar (a, c, e) = 500 μm, 
Bar (b, d, f) = 100 μm. B. Transmission 
electron microscopy of chondrogenic 
differentiated hBM-MSCs on G-PEG-Ch 
scaffold. Bar = 0.1 μm. C = cell, ECM 
= extracellular matrix, C. Quantifica-
tion of collagenic fibrils of chondro-
genic differentiated hBM-MSCs on G- 
PEG-Ch scaffold. Data are expressed as 
relative frequency percentage of colla-
genic fibrils with diameter ranging 
from 10 to 49 nm.   
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other scaffolds. 
Interestingly, ultrastructural analysis of collagen fibrils in G-PEG-Ch 

scaffold evidenced that were randomly organized around the cells and 
showed a range of fibrils ranging from 10 to 49 nm. It has been shown 
[32] that healthy articular cartilage show collagen fibrils randomly 
aligned around the cells with a diameter from 10 to 130 nm that 
significantly increased in osteoarthritic cartilage, so confirming that G- 
PEG-Ch scaffold also contribute to the formation of collagenic fibrils 
similar to ones of healthy cartilage. Preliminary definition of the me-
chanical behavior and physical-chemical characteristics of the hybrid- 
hydrogels represent a strength of this study since could help to define 
in advance the potential of the scaffold for a specific cell differentiation 
process. 

4.1. Conclusions 

In conclusion, we evidenced the main differences among the hybrid 
hydrogels mechanical behavior, demonstrating that incorporation of Ch 
or Dx into the common G-PEG backbone resulted in slightly reduced 
stiffness compared to that of parent G-PEG hydrogel. Moreover, we 
found that G-PEG-Dx showed a significant increase of the anisotropic 
characteristics while G-PEG-Ch exhibited reduced crosslinking density, 
higher and faster stress relaxation behavior than the other hydrogels. 
These physical characteristics contribute to explain the different chon-
drogenic potential of hBM-MSCs. Indeed, hBM-MSCs on G-PEG-Dx were 
unable to differentiate while good chondrogenic differentiation was 
demonstrated on G-PEG and G-PEG-Ch. Moreover, G-PEG-Ch showed an 
increase of minor collagen proteins and the formation of collagen fibrils 
with dimension closed to healthy articular cartilage. 

These data evidence that both mechanical stiffness and stress relax-
ation characteristics of the hydrogels are fundamental to guide chon-
drogenic differentiation of hBM-MSC into the scaffolds not inducing 
hypertrophy and mineralization, suggesting that these hybrid hydrogel 
features modulated hBM-MSCs differentiation process. Therefore, these 
scaffolds may be considered no more as a simple support, rather than 
active players in the differentiative and regenerative process. 
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