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Abstract 

Cartilage or bone regeneration approaches based on the direct injection of 

mesenchymal stem cells (MSCs) at the lesion site encounter several challenges, related 

to uncontrolled cell spreading and differentiation, reduced cell viability and poor 

engrafting. This work presents a simple and versatile strategy based on the synergic 

combination of in-situ forming hydrogels and spheroids of adipose stem cells (SASCs) 

with great potential for minimally invasive regenerative interventions aimed to threat 

bone and cartilage defects. Aqueous dispersions of partially degalactosylated xyloglucan 

(dXG) are mixed with SASCs derived from liposuction and either a chondroinductive or 

an osteoinductive medium. The dispersions rapidly set into hydrogels when 

temperature is brought to 37 °C. The physico-chemical and mechanical properties of the 

hydrogels are controlled by polymer concentration. The hydrogels, during 21 day 
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incubation at 37 °C, undergo significant structural rearrangements that support cell 

proliferation and spreading. In formulations containing 1%w dXG cell viability increases 

up to 300% for SASCs-derived osteoblasts and up to 1000% for SASCs-derived 

chondrocytes if compared with control 2D cultures. The successful differentiation into 

the target cells is supported by the expression of lineage-specific genes. Cell-cell and 

cell-matrix interactions are also investigated. All formulations resulted injectable, and 

the incorporated cells are fully viable after injection. 

 

 

Keywords: spheroids of adipose stem cells; xyloglucan; injectable hydrogels; osteogenic 

differentiation; chondroblastic differentiation. 

 

 

1. Introduction 

Stem cells represent a great promise for tissue regeneration owing to their ability to 

self-renew and differentiate into specific tissue types. [1] In particular, mesenchymal 

stem cells are hugely attractive for tissue engineering and regenerative medicine 

interventions because of their relative ease of isolation from several tissues and overall 

multipotentiality. [2] In the presence of specific signalling cues, MSCs can differentiate in 

several mesenchymal lineages such as osteoblastic, chondroblastic, adipogenic, 

myogenic and endothelial cells.[2,3] The two major MSCs types are bone marrow stromal 

cells (BMSCs) and adipose stem cells (ASCs). Considering that subcutaneous adipose 

tissue has on average 1% of stem cells compared to the ca. 0.001% that are located in 

bone marrow, the adipose tissue is, in facts, the most convenient and accessible source 

of MSCs. [4,5] 

ASC-based approaches for cartilage or bone regeneration are not without 

challenges. The direct administration of ASCs at the lesion site does not guarantee their 

engrafting and survival. Very often, only a small percentage (1-3%) of the administered 

stem cells are actually detected in the injection site one week after injection, with great 

discrepancies among different studies.[6,7] The survival rate is particularly low when 

MSCs are administered in harsh in-vivo environments, such as in the case of patients 

affected by chronic inflammatory or infective conditions.[8] In addition to that, when 

outside of their niche, adult stem cells quickly lose their developmental potential and 
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have the tendency to differentiate randomly. Therefore, artificial niches that can avoid 

uncontrolled cell spreading, preserve both stem cell viability and regenerative potential, 

and direct differentiation towards the desired cell lineage are sought. [9-11] 

Hydrogels are very promising materials to engineer “MSCs-friendly” niches, 

because of their similarity to the natural tissue ECM in terms of water content and pore 

architecture, the possibility of providing cell-attachment sites and to be loaded with 

ECM proteins, sugars, and cellular secreted factors, such as growth factors, 

immunological factors and metabolic signals that can govern stem cell fate. By proper 

design of their chemical composition, morphology and mechanical properties, they can 

also actively contribute to either preserve the stemness or promote their differentiation 

towards a specific lineage, both in vitro and in vivo. [12-14] The intrinsic quality of the 

implanted stem cells is also a key factor for the success or failure of stem cell 

therapies.[15] Comparative studies on three-dimensional (3D) spheroids of adipose stem 

cells and canonical adipose stem cells in 2D adhesion cultures (ASCs), carried out both 

in vitro and in vivo, have highlighted significant differences between the two cell types 

for the different gene expression patterns and behaviours.[16,17] In adherent stem cells, 

disruption by trypsinization of cell-cell interactions, that are crucial for cell 

communication and cell-ECM commitment, have a profound effect on cells 

properties.[18] Conversely, spheroids of stem cell cultures show stemness properties and 

in appropriate conditions a more efficient mesenchymal differentiation. [19] 

In a recent work, we demonstrated that stem cells isolated from lipoaspirate and 

cultivated as 3D spheroids, when incorporated in an in-situ forming, ad-hoc formulated 

soft hydrogel, were fully viable after 21 days of in vitro culturing and maintained intact 

their stemness.[20] The hydrogel matrix was obtained by mixing, at room temperature, 

equal volumes of the aqueous dispersion of a partially degalactosylated xyloglucan and 

a purposely compounded stem cell medium, increasing the temperature to human body 

temperature to induce the thermally-driven gelation. dXG derives from tamarind seed 

xyloglucan (XG) that is a non-ionic, water-soluble polysaccharide, composed of a β-

(1,4)-D-glucan backbone, partially substituted by α-(1,6)-linked xylose unit, in turn 

partially β-D-galactosylated at O-2 (for the chemical structure see Figure S1 of 

Supporting information).[21] Being a storage polymer for the embryo, XG is found in 

tamarind seeds at a relatively high concentration, can be extracted via simple and 

economic viable procedures, in good yields and high purity. XG is also active in tissue 
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regeneration, being recognized by -galactose binding galactins, triggering keratinocyte 

adhesion and promoting skin re-epithelialization and wound healing.[22,23] Xyloglucan 

with degalactosylation degree of ~45% undergoes a reversible sol-gel transition at 

~37°C. [24,25]  

With this work, we report on an important step forward in the development of a 

SASCs/dXG hydrogel platform for minimally invasive regenerative medicine 

interventions. We aim to demonstrate that, varying dXG concentration and the 

composition of the cell culture medium, the morphological, mechanical and functional 

properties of dXG hydrogels can be engineered to create “SASC-friendly”, pre-

programmed niches that can drive differentiation towards the desired cell lineage; in 

this case osteogenic or chondrogenic. We explored the ability of the hydrogels to evolve 

in time and remodel their network to support of SASCs-derived cell proliferation and 

spreading. We started a more in-depth investigation on SASCs-derived cell expression 

of markers regulating cell-matrix and cell-cell interactions. Finally, we measured SASC-

laden dXG dispersion viscosities, the pressure to be applied for their extrusion through 

a small gauge syringe and evaluated the impact that this process has on the hydrogel 

structure and cell viability. 

 

2. Experimental  

2.1 Materials  

Tamarind seed xyloglucan was purchased from Megazyme International (Ireland), 

β-Galactosidase from Aspergillus oryzae (11.8 U/mg) was purchased from Sigma 

Chemicals (USA). Tamarind seeds xyloglucan was degalactosylated (dXG) according to 

an established protocol, to obtain a degalactosylated degree of ca. 45% [26] Sugar 

composition of the tamarind seed xyloglucan is xylose 34 %w; glucose 45 %w; galactose 

17 %w; arabinose and other sugars 4 %w, as provided by the supplier. 

 

2.2 Cell cultures 

Adipose tissue samples were obtained from healthy subjects. Institutional ethical 

board approval and patient consent was obtained for the use of tissue samples prior to 

the research (AOUP “Paolo Giaccone”, Palermo, Italy – Project code: GR-2016-

02364931). Lipoaspirate samples were harvested from different anatomical parts such 
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as the trochanteral region, abdomen, breast, flanks and hips. Then, they were digested 

mechanically (30 minutes at 37 ° C under stirring) and enzymatically (collagenase 150 

mg / ml, Gibco, Carlsbad, CA). After centrifugation at 1200 rpm for 5 minutes, the 

stromal vascular fraction (SVF) was recovered and resuspended in stem cell medium 

and in ultra-low attachment culture flasks (Corning, NY). After spheroids isolation, they 

were plated in adherent conditions for chondroblastic or osteoblastic differentiation 

according to StemPro® Chondrogenesis Differentiation kit or StemPro® Osteogenesis 

Differentiation Kit protocols (Invitrogen) and maintained at 37°C in a humidified 5% 

CO2 incubator for 7, 14 and 21 days.  

 

2.3 dXG Dispersion Preparation 

dXG powder was added to 0.22 µm pre-filtered water, at 2 %w, 3 %w and 5 %w 

concentration, and stirred for about 2 hours at 5°C until a homogenous dispersion was 

obtained. Afterwards, the dispersions were sterilized by autoclaving at 121°C for 20 

minutes. Dispersions were stored at 4°C. 

 

2.4 Hydrogel Preparation 

Known volumes of the 2 %w, 3 %w and 5 %w dXG polymeric dispersions were 

gently mixed with the same volume of water, or chondrogenesis differentiation medium 

or with the osteogenesis differentiation medium and then incubated at 37 °C for 10 min 

before any further use. The incubation conditions are the same described in section 2.3. 

 

2.5 Rheological analysis in small-oscillatory conditions 

2.5.1 Gel time measurements 

Gel times were measured using a stress-controlled Rheometer AR G2 (TA 

Instruments). A plate-plate geometry was used with the upper acrylic plate of 40 mm 

diameter. The gap was set at 500 µm, the strain at 1x10-3, and the frequency at 1 Hz. 

Known volumes of the formulations were placed on the bottom plate and surrounded 

by silicon oil to prevent evaporation. 

2.5.2 Dynamic mechanical spectra 

The dynamic mechanical spectra were determined using a stress-controlled 

Rheometer AR G2 (TA Instruments). The geometry used was a PIK anti-slippery plate of 

20 mm diameter and the gap was set in the range 500-1000 µm. 
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Strain sweep measurements were performed to explore the extension of the linear 

viscoelastic range, at 1 Hz, and identify the optimum strain conditions for the 

subsequent frequency sweep tests. Frequency sweep measurements were also 

performed at constant strain in the range between 7x10-3 and 1x10-2, depending on the 

system, and the frequency was swept between 0.1 Hz and 10 Hz. Known volumes of the 

formulations were either placed or injected on the bottom plate and the measurements 

started after 10 minutes of thermal and structural equilibration at the measurement 

temperature of 37.0±0.1°C, controlled by a built-in Peltier system. Measurements were 

carried out in triplicate from independent preparations. The represented plots of G’ and 

G” are the arithmetic average of the three curves.  

 

2.6 Morphological Analysis  

Hydrogel microstructure was investigated using a Field Emission Scanning Electron 

Microscope Phenom ProX desktop at an accelerating voltage of 10kV. The hydrogels 

were frozen in liquid nitrogen, freeze-dried, mounted on aluminium stubs and gold 

coated by JFC-1300 gold coater (JEOL) for 120 s at 30 mA before scanning. 

 

2.7 Swelling/Erosion Evaluations 

Hydrogels (ca. 0.5 ml) were produced for each formulation in suitable moulds. 

Samples were weighed with a precision balance, then placed on glass cylinders with a 

porous bottom, immersed in a bath filled with a large excess isotonic PBS and 0.02%w 

NaN3 as preservative and maintained at constant temperature of 37°C. Samples were 

taken out from the solution at predetermined time intervals, carefully blotted and 

weighted. The Weight Change (WC %) was determined as: 

𝑊𝐶 =
𝑊𝑡 −𝑊𝑖

𝑊𝑖
× 100 

where Wt is the weight of the hydrogel at time t and Wi is the initial weight. 

Reported data are the average of 6 samples. 

 

2.8 Stem Cells Loading, Incubation and Recovery 

Cells were loaded by mixing the 2 %w, 3 %w and 5 %w dXG polymeric dispersions 

with the same volume of SASC suspension in either CDM or ODM (named after as dXG1-
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C/O-SASCs, dXG1.5-C/O-SASCs and dXG2.5-C/O-SASCs), respectively. 50,000 cells/well 

were loaded and maintained in a CO2 incubator at 37 °C for 7 days, 14 days and 21 days.  

The recovery of cells was performed by incubation in 84 U/ml aqueous solution of 

Cellulase from Trichoderma reesei (Sigma Aldrich) for 90 min at 37 °C, centrifugation at 

1200 rpm for 5 min at 4 °C and removal of the supernatant dispersion. In order to 

evaluate eventual effects of the enzymatic treatment on cells, the same protocol was 

applied to SASCs and their viability was confirmed by cell count with trypan blue. 

 

2.9 Colonization Analysis 

To observe scaffold colonization, SASC-laden hydrogels were inspected under the 

light and fluorescence microscope (Leica DM IL LED Fluo) after 21 days culture. In 

particular, for the fluorescence analysis, 500000 cells/ml per well were labelled with 

the cell membrane PKH26 dye (MINI26, Sigma Aldrich). 

 

2.10 Cell Viability Analysis 

Cell viability of SASCs in all conditions was quantified with MTS test (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium) 

(Promega). Cells were plated in biological triplicates at a density of 50000 cells/well in 

96-well plates filled either with 100 μl/well of culture medium (control) or 50 μl/well 

of hydrogel and 50 μl/well of culture medium. The absorbance at 490 nm was analysed 

at 7 days, 14 days and 21 days of incubation through TECAN Spark 10M 

spectrophotometer.  

 

2.11 mRNA Expression Profile 

Total RNA was extracted from SASCs recovered from the hydrogel using RNeasy 

Mini Kit (Qiagen) and quantified using Qubit4 (Invitrogen) fluorometer. The RNA (175 

ng) was retrotranscribed in cDNA through the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). The qPCR reactions were all performed in 

triplicate. The predesigned Taqman primers (Thermo Fisher) were RUNX2 

Hs00231692_m1 and ALP Hs01029144_m1 as osteoblastic markers; SOX9 

Hs01001343_g1 and Col10A1 Hs00166657_m1 as chondroblastic markers; and GAPDH 

Hs02758991_g1 as housekeeping gene. In addition, CDH1 Hs01023895-m1 and 
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ITGB1BP1 Hs01555790_g1 were analysed for cell-cell and cell-matrix interactions. The 

relative expression levels of mRNAs were calculated using the 2−ΔΔCt Livak method.[27] 

 

2.12 Immunofluorescence Staining 

In order to characterize the SASCs differentiation after 21 days of culture in CDM or 

ODM, cells were recovered from the hydrogels as described in section 2.9 and plated on 

slides for immunostaining analysis. The cells were fixed in 4% formaldehyde for 10 min 

at room temperature (RT). Then, they were permeabilized with Triton-X100 0.1% and 

exposed to either rabbit anti-human RUNX2 or SOX9 antibodies (SantaCruz) overnight 

at 4 °C. After incubation to Goat Anti-Rabbit, Alexa fluor Plus 568 and Goat Anti-mouse, 

Alexa Fluor Plus 488 (Thermofisher Scientific) secondary antibodies for 2 h at RT, the 

nuclei were counterstained with Hoechst for 10 min at RT. The immunofluorescence 

analysis was conducted with confocal microscope.  

 

2.13 Statistical Analysis 

Data are expressed as mean± standard deviation of three independent experiments. 

Statistical significance was calculated using one-way analysis of variance (ANOVA), 

followed by either a Tukey's or Bonferroni's multiple comparison post hoc test. 

Significance levels were analysed with GraphPad Prism5 statistical software and 

indicated as p values (*p < 0.05, **p < 0.01, and ***p < 0.001). 

 

2.14 Injectability  

As part of the injectability assessment different type of measurements were carried 

out: (i) shear viscosity as function of shear rate measurements (flow curves); (ii) 

rheological analysis in small-oscillatory conditions; and (iii) force-displacement plots of 

formulations pre-loaded in syringes.  

The flow curves of the dispersions formulated with ODM and CDM, with and 

without SASCs (500000 cells/ml), were obtained using the stress-controlled Rheometer 

AR G2, operating in rotational mode at the constant temperature of 25.0±0.1°C. 

Measurements were performed with the PIK anti-slippery of 20 mm diameter and a gap 

of 1000 μm.  

Force-displacement plots were obtained with an Instron Universal Uniaxial Testing 

Machine 3365 equipped with 1/1000 N load cell capacity, in compression mode, by 
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applying a constant displacement rate (40 mm/min equivalent to 5,30 mL/min) to the 

plunger of the syringe and measuring the resulting force (F) as function of the 

displacement. The syringe was immobilized with a metal clamp. The injection was 

carried out with 2.5 ml polypropylene syringes equipped with an G23 needles, loaded 

with cell-laden and cell-devoid dispersions. All experiments were performed after the 

systems were stored at 4°C for 24 h and thermally equilibrated at room temperature for 

1 h. The influence of the specific set up and the friction of the plunger was preliminarily 

evaluated by filling the syringe with water and extruding it in air. The plug force of the 

dispersions was measured by extrusion of the material in air. The results are expressed 

in terms of force, F, vs 1 – ε, that is the normalized travelled distance, where ε is 

representing the ratio (Td-D)/Td, where Td is the maximum distance the plunger can 

physically travel, and D is the distance travelled.  

The rheological analysis in small-oscillatory conditions was carried out on samples, 

with and without SASCs (500000 cells/ml), directly injected on the rheometer plate at 

ca. 20°C and let equilibrate at 37°C for 10 minutes. Details on the experimental 

parameters are provided in section 2.4. A cell viability analysis was performed by MTS 

test after extrusion of the cells (50000 cells/ml) mixed with dXG dispersions through 

1.0 ml polypropylene syringes equipped with an G23 needles. The systems were placed 

in 96 multiwell and cultured for 24 hours. The absorbance was determined in a 

spectrophotometer at 490 nm. 

 

 

3. Results and Discussion 

3.1. Experimental design 

In Figure 1, the approach followed for the preparation and evaluation of SASC-

laden injectable dXG formulations is shown. Briefly, (i) adipose tissue was harvested 

from lipoaspirate of volunteer donors; (ii) SASCs were isolated from the adipose tissue 

and cultured in ultra-low adhesion flasks with a stem cell medium; (iii) dXG aqueous 

dispersions were prepared at three concentrations (2 %w, 3 %w and 5 %w) and mixed 

only with equal volumes of either a chondrogenesis differentiation medium (CDM) or an 

osteogenesis differentiation medium (ODM), or with one of the two media and SASCs; 

(iv) both SASC-free and SASC-laden dXG hydrogels were incubated at 37 °C up to 21 

days; (v) SASC-free systems were characterized for their mechanical properties by small 
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 10 

amplitude oscillatory rheological measurements and for their morphology via scanning 

electron microscopy (SEM) as prepared (T0), after 7 days (T7),  14 days (T14)  and 21 

days (T21) of incubation; the swelling and erosion behaviour of T0 systems was 

investigated by measuring weight changes upon immersion in a large volume of isotonic 

phosphate buffer; (vi) SASC-laden hydrogels were evaluated for scaffold colonization 

ability, cell viability, effect of differentiation on mRNA expression, cell-cell and cell-

matrix interactions genes. Both SASC-free and SASC-laden hydrogels were characterised 

for injectability. 

Three different polymer concentrations with meaningful differences in their 

mechanical properties from the rheological evaluation were analysed. The hydrogel 

systems are named after as dXGy-z, where y indicates the final polymer concentration in 

weight percentage (1 %w, 1.5 %w and 2.5 %w)  and z is a letter referring to the 

medium that has been mixed with the dXG aqueous dispersion. In particular, W stands 

for water (used as reference medium), C for CDM and O for ODM. To identify SASC-laden 

hydrogels the acronym SASCs follows the hydrogel name (dXGy-z-SASCs).  

The incubation time will be referred as T0 for the systems that are analysed 10 min 

after preparation, T7, T14 and T21 for the systems that are analysed after 7 days, 14 

days and 21 days of incubation at 37 °C, respectively. 

In general, dXG dispersions that lead, after mixing with the inductive medium, to a 

final polymer concentration below 1 %w yield gel flakes rather than uniformly gelled 

systems. Hence, they are less reproducible and more difficult to control in terms of their 

ability to host cells. For this reason, polymer concentrations below 1 %w were not 

taken into consideration for this study.  
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Figure 1. Graphical representation of the experimental strategy. (I) Harvesting of 

adipose tissue by liposuction; (II) SASC isolation and culturing in 3D conditions; (III) 

aqueous dXG dispersions mixing with either a chondroinductive (CDM) or 

osteoinductive medium (ODM), or with one of the two media and SASCs; (IV) incubation 

of both SASC-free and SASC-laden dXG hydrogels at 37 °C up to 21 days; (V) physico-

chemical, rheological and morphological characterisation of SASC-free systems; (VI) in-

vitro evaluations of SASC-laden hydrogels. 

 

3.2 The influence of conditioning media on hydrogels structure formation and 

evolution 

The influence of the conditioning media on dXG network organization was 

investigated by rheological measurements in small amplitude oscillation conditions.  

Two type of measurements were performed. Storage modulus, G’, and loss modulus, 

G’’, measurements as a function of the time at a fixed strain and frequency (time 

sweeps), performed immediately after mixing to determine the time to gel. Frequency 

sweep tests at fixed strain to characterise the networks after conditioning the hydrogels 
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in unperturbed conditions with water or with the chondroinductive or the 

osteoinductive medium for various time periods (T0, T7, T14 and T21). Both time 

sweeps and frequency sweeps were carried out at constant temperature of 37±1°C. 

In Figure 2A-C time sweeps are shown.  dXG1 systems show an initial tract when G’ 

increase and G” is rather constant, therefore at a given time there is a crossover with G’ 

becoming equal to G”. Subsequently, G’ continues to increase at a slower rate. The 

crossover time can be assumed as the gel time (tg). None of these systems reach a 

plateau value of the storage modulus (end of the cure). The network is indeed formed, 

as indicated by the stepwise increase of the elastic component of the complex modulus, 

but the hydrogels do not attain a reference network structure during the 60 min of the 

analysis. It can be anticipated that none of these systems reach as an equilibrium 

structure even after much longer incubation times at 37°C.  

The medium composition has an influence tg. Both dXG1-C and dXG1-O have longer 

gel times than dXG1-W. In particular, tg is 13 min for dXG1-W, 14 min for dXG1-C and 18 

min for dXG1-O. G’ and G” curves for dXG1-O start from one order of magnitude lower 

values than for dXG1-W. This evidence suggests that the solutes present in the inductive 

media (salts, glucose and amino acids), and more particularly those present in OCM, 

perturb dXG chain association in condensed domains and the physical gelation process. 

Being dXG sol-gel transition mainly driven by hydrophobic and hydrogen bonding 

interactions, the presence of ionic, polar and hydrophobic solutes can affect polymer-

polymer and polymer-solvent interaction landscape, introducing depletion interactions 

and polymer-solute hydrophobic effects. An influence of the medium was also observed 

when aqueous dXG was mixed with the medium that was specifically formulated to 

preserve cell stemness.[20]  

Also for dXG1-C and dXG1-O, G’ curves do not reach a plateau. Increasing the 

polymer concentration reduces the gel time. dXG1.5-W is characterised by G’ > G” from 

the beginning of the measurement, while tg for both dXG1.5-C and dXG1.5-O is 3 min. All 

dXG2.5 systems are characterised by G’>G” in the entire time span observed, meaning 

that the onset of gelation at this temperature occurs during the acquisition of the first 

data point. Also for the more concentrated systems, plateau values of G’ are not 

rigorously attained (Figure 2D-F). 
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Figure 2.  Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), as a 

function of time for dXG hydrogels conditioned with water (A), CDM (B) and ODM (C); 

Semi log plot of the storage, G’ (full dot), and loss, G” (hollow dot) moduli as a function 

of time in the interval 30 - 60 min for dXG hydrogels conditioned with water (D), CDM 

(E) and ODM (F) 

 

G’ G” curves as a function of the frequency are reported in Figure 3A-I for the 

hydrogels as produced (T0) and after 21 days (T21) of incubation. The frequency 

average G’ values (G’av) in the 0.5 Hz - 5 Hz interval for T0, T7, T14 and T21 systems are 

reported in Figure 3J-L. In particular, Figure 3A-C shows the rheological behaviour of 

the three systems with the lowest polymer concentration, dXG1-W, dXG1-C and dXG1-O. 

For all three systems, at T0, G’ curve is higher than G” curve and they are both frequency 

dependent. These rheological features are characteristic of weak gels with structural 

heterogeneities. dXG1-W has slightly higher storage modulus (G’av ~90Pa) than dXG1-C 

(G’av  ~70 Pa) and dXG1-O (G’av~60 Pa) (Figure 3J).  At T21, G’ and G” values become 

essentially almost frequency independent for all systems. This indicates that the 

systems have developed a more uniform network.  Looking at the evolution of the 

systems with time (Figure 3J), statistically relevant changes of G’ values can be noted 

A B C 

D E F 
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especially for dGX1-O, that is the system characterised by lowest initial G’ and G” values 

also from the time sweep tests. The weaker is the initial network configuration the 

easier is for the system to undergo a maturation phase where, by activation of chain 

segment dynamics, the extent and density of physical crosslinking is modified. This 

maturation can show effects on the stiffness (related to G’) and the damping 

characteristics (related to G”) of the hydrogel and, as already observed, on the 

homogeneity of the network structure (frequency dependence of G’ and G”). It is 

followed by a subsequent remodelling phase, that results from highly cooperative 

motions of chains with slower dynamics, leading to further significant changes of G’ and 

G” values from T7 to T14, and less pronounced from T14 to T21.  

Figure 3D-F shows the rheological behaviour of dXG1.5 systems. For all these 

systems, G’ curve is higher than G” curve and both curves are already less frequency 

dependent at T0 than those of the dXG1 systems. At T21 the curves also become 

frequency independent.  

The dXG2.5 systems (Figure 3G-I) show a marked increase of G’ and G” curves from 

T0 to T21 alongside with flattening of the curves. Figure 3L shows that the increase of 

G’ is monotonic for dXG2.5-C and dXG2.5-O. Despite of their higher polymer 

concentration, these systems initially form hydrogels that are weaker than the dXG1.5 

ones, probably due to their higher viscosity in the sol state (as it will be shown in 

section 2.5), which hinders chain mobility and delays the formation of a well-

interconnected network. Prolonged incubation in this case not only reduces the 

heterogeneities in the network but make the network stronger.  
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Figure 3. Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), of dXG1 

(A-C), dXG1.5 (D-F) and dXG2.5 (G-I) hydrogels conditioned with water, CDM and ODM, 

at T0 and T21 as function of frequency. Average G’, of dXG1 (J), dXG1.5 (K) and dXG2.5 

(L) hydrogels conditioned with water, CDM and ODM, at T0, T7, T14 and T21. 
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The morphology evolution of the various systems was investigated by SEM analysis 

of the freeze-dried solids produced after quenching the samples in liquid nitrogen. None 

of systems formulated with only water underwent significant volume changes upon 

freeze drying. Contrarywise, all systems mixed with inductive media underwent volume 

contraction after lyophilisation, the more significant the lower was the polymer 

concentration.  

Figure 4 shows the SEM micrographs of the dXG1 hydrogel cross-sections at T0, T7, 

T14 and T21. The dXG1-W T0 hydrogel shows a uniform porous structure formed by 

shreds of very thin membranes connected by filaments. The average pore size is around 

10 m. From T0 to T7, the system shows an increased tendency of forming planar 

membranes, that become stacked lamellae at T14. At T21 dXG1 has evolved towards a 

heterogenous open porous structure, with thicker wall pores and average pore size of 

about 70 m.  

The morphological analysis of the systems formulated with ODM and CDM supports 

the strong effect of the conditioning media on the network organization and their 

evolution with time that was appraised also with the rheological analysis. A T0, both the 

dXG1-O and dXG1-C systems show a heterogenous fibrous structure, formed by thick 

and intertwined threads. At higher magnification (see inset of dXG1-O), corrugated 

surfaces and protruding salt crystals are also evident. At T7, more uniformly porous 

solids are obtained, probably due to the formation of more extended networks. In 

particular, the porosity is open and interconnected for dXG1-C, tighter for dXG1-O. The 

pronounced change in morphology for dXG1-O can explain the observed significant 

increase of storage modulus for this system at T7. At T14 and T21, both dXG1-O and 

dXG1-C have evolved into a more open porous structure, that is in good agreement with 

the reduction of their G’ values, and hence their stiffness, with respect to T7. 

Figure 5 and 6 displays the SEM morphologies of dXG1.5 and dXG2.5 hydrogels, 

respectively. The morphologies of dXG1.5-W and dXG2.5 W at T0 are not too different 

from the one of the dXG1-W T0 in terms of average pore size. dXG1.5-W T0 shows thin 

filaments and some wider shredded membranes, while dXG2.5-W T0 presents a porous 

structure with slightly thicker pore walls. The presence of extended condensed domains 

of polymer chains at the increase of polymer concentration is in good agreement with 

the observed increase of storage modulus. During the incubation, the tendence of dXG to 

self-assemble in ribbon-like aggregates and membranes is more and more evident. [28,20] 
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This phenomenon is more pronounced for dXG2.5-W T21, that shows a fairly compact 

structure with partially occluded porosity.  

 

 

Figure 4. SEM micrographs (cross-sections) of dXG1 hydrogels conditioned with 

water, ODM and CDM, at T0, T7, T14 and T21 (scale bar 80 m). For dXG1-W and dXG1-

O, insets with SEM micrographs at higher magnification were included (scale bar 10 

m).  Jo
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Figure 5. SEM micrographs (cross-sections) of dXG1.5 hydrogels conditioned with 

water, ODM and CDM, at T0, T7, T14 and T21 (scale bar 80 m).  

 

Differences in morphology varying the conditioning medium at T0 are also shown 

for these systems characterized by higher polymer concentration, but they are less 

pronounced for dXG2.5 than for dXG1.5. This is expected considering that the polymer 

content in the system increases while the concentration of the other solutes, coming 

from the conditioning media, is constant. The pores clearly appear as holes in 

membranes. The pore size distribution and the thickness of the membranes are affected 

by the nature of solutes other than dXG. CDM introduces the strongest perturbation in 

dXG self-assembly yielding structures with larger pores. Unfortunately, the exact 

composition of the conditioning media is proprietary and not known to the authors of 

this work. This prevents the possibility of ascribing the observed phenomena to specific 

ions or molecules present in the systems. The dXG1.5 and dXG2.5 systems formulated 

with the inductive media develop with increasing the incubation time a less 

heterogeneous and more structured morphology, similarly to the systems conditioned 
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with water and in agreement with the increase of the viscoelastic parameters. At T21 

the differences between the two media are less important although still present, so are 

the differences in G’ and G” curves, especially for dXG2.5. 

 

 

Figure 6. SEM micrographs (cross-sections) of dXG2.5 hydrogels conditioned with 

water, ODM and CDM, at T0, T7, T14 and T21 (scale bar 80 m). 

 

The hydrolytic stability of the hydrogels pre-conditioned at 37°C with the various 

media for 3 h was evaluated by immersing cylindrical samples of each system in a large 

excess of isotonic phosphate buffer at 37°C. In Figure 7A-C the average mass change as 

function of the immersion time is reported. It is worth pointing out that the porous sept 

of the sample holders is able to retain only the macroscopic portions of the hydrogels 

(cut-off approx. 1 mm), while micro/nano gel fragments can pass through the sept. As 

shown in Figure 7A, dXG1-O and dXG1-C systems were fully eroded at 21 days. For 

hydrogels produced at 1.5 %w and 2.5 %w with water or with ODM (Figure 7B-C), the 

erosion behaviour is similar and the residual mass after 28 days is around 60-65 %w, 
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for the systems conditioned with water, and around 35-40 %w, for the systems 

conditioned with ODM. The dXG1.5-C resembles more the corresponding dXG1-C, while 

the dXG2.5-C is more similar to dXG2.5-O. In conclusion, at low polymer concentration 

the erosion resistance is lower and less affected by the nature of medium used for the 

pre-conditioning treatment. This is probably due to the lower crosslinking density 

and/or the more transient nature of the crosslinking points, as suggested by the 

frequency-dependent G’ and G” curves. At higher polymer concentration, condition that 

would favor chain self-assembly in extended associated domains and formation of 

tougher networks, the perturbation introduced by the solutes of the conditioning media 

becomes more significant and reduce the interconnections among polymer chains. We 

can speculate that the hydrophilic solutes (including hydrated ions) compete for 

hydration water and promote the confinement of the polymer chains in segregated 

domains; at the same time, hydrophobic low molecular factors (growth factors) 

associate with the polymer chains competing with polymer-polymer associations. 

 

 

Figure 7. Average mass change percentage (MC%) of dXG1(A), dXG1.5 (B) and 

dXG2.5 (C) hydrogels conditioned with water, ODM and CDM. 

 

3.3 Biological evaluation of osteoblastic differentiation 

In order to investigate if the hydrogel can support the osteoblastic differentiation of 

SASCs, fluctuating spheroids suspensions (50000 cells) were labelled with PKH26 red 

dye, a cell membrane vital label, slowly mixed in ODM with equal volumes of each of the 

three dXG dispersions and finally incorporated in hydrogels by incubation at 37°C. The 

influence of the presence of dXG scaffolds on SASCs differentiation was evaluated by 

morphological, proliferation and specific differentiation analyses.  
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Cell morphology in the systems was inspected under both light and fluorescence 

microscopes. Figure 8A shows the typical morphology of SASCs at T0, comprising 

smaller and larger spheroidal aggregates as well as single cells. After 21 days of in vitro 

osteoblastic culture (see Figure 8B), the cells are uniformly distributed on the surface 

but also through the thickness of the hydrogel, as visible by the immunofluorescence 

analysis of the pre-labelled cells.  

The viability of the SASCs was quantified by MTS analysis carried out on cell-laden 

hydrogels at three time points of in vitro culture: T7, T14 and T21 (see Figure 8C). At 

T21, when we expect that the differentiation has taken place, we observe an increase of 

cell viability over the value obtained for the SASCs cultured with ODM without the 

hydrogel. In particular, we see a ~3-fold increase for dXG1-O-SASCs and a ~1.5-fold 

increase for both dXG1.5-O-SASCs and dXG2.5-O-SASCs. We notice that at T7 instead, 

SASCs incorporated in dXG1-O and dXG1.5-O experienced a 75% reduction of cell 

viability. This effect is prolonged to 14 days for dXG1.5-O-SASCs. A reduction of viability, 

yet much less severe (of ~ 30%), was also shown for dXG2.5-O-SASCs. Interestingly, the 

systems that experienced the most dramatic decrease in cell viability were also 

characterised by a subsequent fast proliferation phase. The dXG2.5-O-SASCs system that 

mostly retained cell viability is characterised by a lower growth rate. Different possible 

concurrent causes could be at the basis of this behaviour. We can imagine that during 

the initial phase of the differentiation process, a natural selection of cells in the 

spheroids occurs that results in the viability of the only fraction that is capable of 

differentiating towards osteoblasts. We can also argue that dXG-O hydrogel networks at 

T7 are still too tight to guarantee the optimal conditions for cell spreading and scaffold 

colonization (e.g. see dXG1-O T7 in Figure 4). In particular for dXG1-O, we observed 

that prolonging the incubation at 37°C together with the culture medium induces a 

remodelling of the network architecture and opens larger and interconnected pores 

that may represent more favourable conditions for cell growth and spreading. 

In order to confirm that the osteoblastic differentiation has occurred, molecular 

investigations of RUNX2 (Runt-related transcription factor 2 gene) and ALP (alkaline 

phosphatase) were performed on both control cells and cells recovered from the 

hydrogels at T21 of in vitro culture. RUNX2 is the primary transcription factor in bone 

formation. It plays a vital role during osteoblast differentiation and regulates the 

downstream expression of several osteoblast markers and bone matrix genes.[29] ALP is 
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an enzyme involved in the late osteoblastic differentiation, bone formation and 

mineralization.[30] These genes were chosen in accordance with the miRNA and mRNA 

expression study carried out on the same type of SASCs,[19, 31] that identify them as 

representative markers of osteoblastic differentiation. The real-time PCR analysis 

revealed a massive increase of RUNX2 expression, that is ~120-fold for dXG1-O (P < 

0.001), ~50-fold for dXG1.5-O and ~10-fold for dXG2.5-O, over the value obtained for 

SASC-derived osteoblasts in scaffold-free conditions (CTR). RUNX2 was correlated with 

the proliferation of mesenchymal stem cells and osteoblast progenitors as well as with 

their differentiation;[29] this could explain a possible correlation between the increased 

cell viability and the upregulation of RUNX2 expression in dXG-O, and particularly in 

dXG1-O. The mRNA ALP levels analysis showed a similar trend to the RUNX2 one, with a 

~7-fold increase for dXG1-O and ~2-fold increase for the other two systems (Figure 

8D). ALP is related to active bone formation with a peak of expression during 

osteoblastic maturation, as at T21 in our study, and then a decline during osteocytic 

transformation.[32] Then, we analysed the protein expression of RUNX2, the 

overexpressed marker in our systems, through immunofluorescence analysis. The z-

stack visualization of confocal microscopy images confirmed the presence of RUNX2 

positive cells in all systems (Figure 8E). The ability of SASCs to differentiate toward 

osteoblastic lineage has already been demonstrated,[19] while here we provide evidence 

that SASCs display a greater osteoblastic differentiation potential when they are placed 

together with the dXG hydrogels obtained at all three polymer concentrations.  

The maintenance of stemness conditions and the higher viability of undifferentiated 

SASCs in comparison to their 2D-counterpart, that was shown in our previous study, 

confirmed the substantial difference in behaviour between two populations of cells, that 

is related to different expression patterns of mRNAs and proteins.[20] Now, we intend to 

demonstrate that SASCs embedded in dXG-based artificial niches have also better 

differentiation abilities. For this reason, the expression of the typical genes related to 

cell-cell and cell-matrix interactions, involved in several processes of differentiation, 

proliferation and migration, was analysed. In particular, we investigated the expression 

of two proteins; the E-cadherin CDH1 and the ITGB1BP1, a novel 200-aa protein that 

binds to the 1 integrin cytoplasmic domain. Cadherins are single-chain, calcium-

dependent, transmembrane glycoproteins modulating cell-cell adhesion. CDH1 is 

characterised by an extracellular domain that allows interactions between 
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neighbouring cells.[33] Conversely, integrins are transmembrane receptors involved in 

cell-ECM matrix interactions. Among the several subunits of these receptors, the 1 

integrin cytoplasmic domain is particularly investigated because it is connected to the 

binding of MSCs to bone and cartilage ECM proteins.[34,35] This domain is crucial for cell 

adhesion and binds to ITGB1BP1, that has also a function in bone differentiation and 

osteoblast mineralization.[36-38] In our study, the real-time PCR analysis showed an 

increase of ITGB1BP1 expression of about 2-fold in scaffold-free SASC-derived 

osteoblasts compared to undifferentiated SASCs. ITGB1BP1 expression increases of 

about 2-fold in osteoblasts from dXG-1-O-SASCs and dXG1.5-O-SASCs and decreases by 

about half in dXG 2.5-O, when compared to scaffold-free, SASC-derived osteoblasts 

(control). Contrariwise, the CDH1 expression was downregulated in SASC-derived 

osteoblasts in comparison to undifferentiated SASCs, probably due to the loss of the 

spheroidal structure, and it was 12-fold up-regulated in dXG1-O-SASCs-derived cells, 7-

fold up-regulated in the dXG1.5-O-SASCs-derived ones and unchanged in dXG-2.5-O-

SASCs-derived cells with respect to their control. These results can be explained on the 

account of the interactions between hydrogels and cells. Both SEM and rheological 

analyses demonstrated a direct correlation between the increase in dXG concentration 

and the increase in network density, hence pore wall thickness, and an inverse 

correlation with average pore size and interconnectivity. During the incubation process 

with ODM, the hydrogel produced at low polymer concentration (dXG1-O) undergoes a 

maturation phase first, with an increase of polymer network density and stiffness 

during the first week, followed by a remodeling phase that opens up the pores and 

loosens the network mesh after the following two weeks. The maturation phase occurs 

also in the hydrogels produced at higher polymer concentration but displays significant 

effects in the mechanical properties only after 21 days of incubation, without leading to 

drastic changes in the scaffold morphology. MTS analysis evidences an inverse 

relationship between dXG concentration and final cell growth at T21; the hydrogel with 

the lowest polymer concentration being also the one where the cells likely find the 

required space to grow, divide and differentiate. CDH1 expression, that is related to cell-

cell interaction, is inversely related to the increase of polymer concentration in the 

hydrogel. The highest value of CDH1 (12-fold increase) was observed for the cells from 

the dXG1-O scaffold, that has also the largest pores and highest cell viability. Conversely, 

ITGB1BP1 mRNA levels, that are related to cell-ECM interactions, are affected not only 
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by the cell proliferation ability but also by scaffolding ability of the hydrogel matrix. The 

presence of polymeric surfaces acting as artificial ECM is a pre-condition for cell-matrix 

adhesion, but if the surfaces are not part of an interconnected porous architecture, they 

may become an obstacle to further cell proliferation and scaffold colonization. For this 

reason, we observe a maximum of ITGB1BP1 mRNA levels expression for the 

intermediate polymer concentration, as a result of the counteracting effects related to 

substrate availability and cell growth. 

 

Figure 8. Representative optical and fluorescence (PKH26) microscope images of the A) 

SASCs at T0; B) SASC-derived osteoblasts incorporated in dXG1-O, dXG1.5-O and 

dXG2.5-O at T21; C) Cell viability at T7, T14 and T21 of in vitro culture; *** P˂0.001 

dXG1-O-SASCs vs dXG1.5-O-SASCs and dXG2.5-O-SASCs, ### P˂0.001 dXG1.5-O-SASCs vs 
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dXG2.5-O-SASCs; D) Real Time PCR analysis of the RUNX2 and ALP genes; E) 

Immunofluorescence of RUNX2 (red), HOECHST (blue) and merge; F) Real time PCR 

analysis of the ITGB1BP1 and CDH1 in SASC-derived osteoblasts in dXG1-O, dXG1.5-O 

and dXG2.5-O. 

 

3.4 Biological evaluation of chondroblastic differentiation 

The same spheroids of Figure 8A were mixed with each of the three dXG 

dispersions and CDM and incubated for various times. The cell distribution in the 

scaffold after 21 days of in vitro chondroblastic culture is uniform also for these 

systems, as shown in the optical and fluorescence microscopy images presented in 

Figure 9A. Differently from before, MTS analysis of SASC-derived cells in dXG-C 

hydrogels did not show any reduction of cell viability at any time. In particular at T7, 

cell viability was unvaried in all scaffolds, at T14 increased for all, while at T21 

presented a differentiated situation, with a 10-fold increase for dXG1-C, 3-fold for 

dXG1.5-C and 4-fold for dXG2.5-C (Figure 9B). Interestingly, the number of cells 

derived from SASCs, cultured within the hydrogels and conditioned with CDM, were 

significantly more than the SASC-derived osteoblasts cultured in analogous conditions. 

One possible explanation is provided by the SEM analysis of the scaffolds that shows 

evident differences among the morphologies of hydrogels incubated in the different cell 

culture media. In particular, with CDM dXG hydrogels present a more open and 

interconnected porosity that may leave the cells with more space to proliferate and 

better conditions for nutrients and catabolites exchange. Also, the relatively inferior 

performance of dXG1.5-C with respect to dXG2.5-C can be explained on the account of 

their different morphologies, more occluded for the first one than for the latter. 

In analogy with the study carried out for the osteoblastic differentiation, we 

evaluated the chondroblastic differentiation of SASCs in the three hydrogels through 

specific gene and protein expression analyses at T21 of in vitro culture (see Figure 9C, 

D). Two typical chondroblastic markers have been analysed: SOX9 and COL10A1. The 

first is a key transcription factor in cartilage development, promotes cell survival and 

activates cartilage-specific genes, as reported in numerous studies.[39, 40] The second one 

is a marker of hypertrophic chondrocytes, which plays an important role in 

differentiation and matrix organization.[41,42,43] These genes were already found in a 

previous SASC characterization study. [19,31] For SASCs incorporated in dXG hydrogels, 

the real-time PCR analysis revealed a massive increase of SOX9 expression, about 5-fold 
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for all three scaffolds over the value of SASC-derived chondroblasts control group, 

confirming the occurrence of chondroblastic differentiation. Contrarywise, the levels of 

COL10A1 mRNA were the same of the control system in dXG1-C-SASCs and dXG1.5-C-

SASCs and 5-fold down-regulated in dXG2.5-C-SASCs (see Figure 9C). These results 

suggest that SASC-derived chondrocytes have undergone complete maturation in dXG1-

C and dXG1.5-C hydrogels as well as in the control system, while in the dXG2.5-C have 

probably not reached this condition, as suggested by the lower expression levels of 

COL10A1. To gather conclusive evidence on target cell-specific differentiation, we 

looked for the expression of SOX9 also through to immunofluorescence analysis. The z-

stack visualization images at the confocal microscope confirmed the presence of only 

SOX9-positive cells, in all hydrogels (see Figure 9D for representative images).  

The same real-time PCR analysis of genes related to cell-cell and cell-matrix 

interactions carried out for SASCs in dXG-C systems was conducted for SASCs in dXG-C 

systems at T21. As for ITGB1BP1 expression, SASC-derived chondroblasts showed a 

similar behaviour as the one observed for SASC-derived osteoblasts (see Figure 9E). 

Indeed, this gene is reported to be important as adhesive marker for cell-matrix 

interactions as well as for chondrocyte proliferation and differentiation, being 

associated to reduced apoptosis and involved in remodelling during cartilage repair.[44] 

The highest value of fold change obtained for dXG-1.5-C may have the same explanation 

as for dXG-1.5-O. Also in this case we have the highest proliferation for the hydrogel that 

is characterised by the lowest polymer concentration. Conversely, the CDH1 expression 

was downregulated in all SASC-derived chondroblasts including the control system 

(scaffold-free), in comparison to the undifferentiated SASCs (data not shown). These 

results make the CDH1 analysis unconclusive. In the development of the work, other 

cell-cell interaction markers for SASC-derived chondroblasts are going to be sought. 
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Figure 9. Representative optical and fluorescence (PKH26) microscope images of the A) 

SASC-derived chondroblasts incorporated in dXG1, dXG1.5 and dXG2.5 hydrogels, at 

T21 of in vitro culture. B) Cell viability of SASCs in dXG1-C, dXG1.5-C and dXG2.5-C 

hydrogels at T7, T14 and T21 of in vitro culture; *** P˂0.001 dXG1-C-SASCs vs dXG1.5-

C-SASCs and dXG2.5-C-SASCs, ### P˂0.001 dXG1.5-C-SASCs vs dXG2.5-C-SASCs; C) Real 

Time PCR analysis of the SOX9 and COL10 genes; D) Immunofluorescence of SOX9 
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(green), HOECHST (blue) and merge; E) Real time PCR analysis of ITGB1BP1in SASC-

derived chondroblasts incorporated in dXG1-C, dXG1.5-C and dXG2.5-C hydrogels. 

 

3.5 Injectability of dXG dispersions mixed with SASCs 

Shear viscosity measurements as function of shear rate have been performed in 

order to characterize the flow properties of the dXG dispersions mixed with SASCs. The 

measurements were carried out on systems freshly mixed with each of the two 

conditioning media and compared to the analogous systems without cells. The flow 

curves, reported in Figure 10A-B, show the typical features of pseudo-plastic fluids. 

The viscosity decreases with the increase of the shear rate, as a result of the decrease in 

number of entanglements when chains align parallel to the flow direction. The increase 

in polymer concentration leads to an overall higher apparent viscosity and a more 

marked non-Newtonian behavior. The presence of SASCs in the formulation and the 

nature of the culture medium do not significantly affect the apparent viscosity, 

especially at higher shear stresses. 

The injectability of liquid formulations can be affected by the needle geometry, i.e. 

inner diameter, length, shape of the opening, as well as by the inner surface 

(composition and finish) of the syringe. As far as pre-filled syringes are concerned, 

common needle configurations, e.g. for articular injection of viscous formulations, are 

G21 and G23.[45] The evaluation of the injectability can be addressed by establishing the 

force to initiate and maintain the plunger movement down the barrel. Force-

displacement plots, obtained applying a constant displacement rate to the plunger of 

the syringe and measuring the resulting force (F) as function of the displacement, are 

provided as supplementary material (see Figure S2). In Table 1, the following 

parameters derived from the plots are presented: (i) the plunger-stopper break loose 

force (PBF), that is the force required to initiate the movement of the plunger; (ii) the 

maximum force (Fmax), that is the highest force measured before the plunger finishes its 

course at the front end of the syringe; and (iii) the dynamic glide force (DGFav), that is 

the average force required to sustain the movement of the plunger to expel the content 

of the syringe. When the syringe barrel was filled with water, both in the presence and 

in the absence of the needle, the measured force was always 1N, therefore the friction of 

the syringe plunger is negligible. dXG1-C presents higher PBF, Fmax and DGFav values 

than the corresponding ones for dXG1-O. dXG1.5-C and dXG1.5-O as well as dXG2.5-C 
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and dXG2.5-O present comparable values with the respective PBF, Fmax and DGFav 

parameters. The force increases with the polymer concentration, but it is always well 

below the maximum acceptable injection force by the average medical operator (Fmax = 

40 N) and fulfils the requirement of most types of injection devices, that is Fmax < 20 N. 

[46] In consideration of the obtained flow curves, Fmax is not expected to increase in the 

presence of SASCs. 

In order to assess the effect of the injection on the hydrogel structure, the mixtures 

with or without cells were injected directly on the rheometer plate through a G23 

syringe needle and subjected to frequency sweep measurements. The same systems 

spooned on the plate were also tested for comparison. The G’ and G” curves are shown 

in Figure 10C-H. The mechanical spectra do not evidence any significant effect of the 

injection in systems without cells formulated with each of the two media. The presence 

of SASCs exerts always a slight reinforcing effect on the non-injected hydrogels, while 

the injected systems containing SASCs do not show a clear trend but the differences 

with respect to the non-injected systems are never substantial. Cell viability after 

injection of SASCs mixed with dXG, ODM or CDM a T1 did not change in comparison to 

the non-injected counterparts (Table 1), as also observed for SASCs mixed with dXG 

and stem cell medium (SCM).[20] These data together with the rheological analysis 

demonstrate the injectability of this novel combination of cells and biomaterials 

opening up the prospect for clinical applications in bone and cartilage repair. 

 

Table 1. PBF, Fmax and DGFav values and cell viability percentages for dXG1, dXG1.5 

and dXG2.5 mixed with CDM and ODM.  

Systems PBF  
[N] 

Fmax  
[N] 

DGFav 
[N] 

Cell viability  
[%] 

dXG1-C 6.0 6.9 5.7 103 

dXG1-O  2.5 3.7 3.4 101 

dXG1.5-C  8.0 10 9.1 111 

dXG1.5-O  10 14 11 109 

dXG2.5-C   17 20 19 102 

dXG2.5-O  15 19 17 103 
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4. Conclusion 

Xyloglucan is a relatively inexpensive and biocompatible polymer that, when partially 

degalactosylated and dispersed into aqueous media at relatively low concentration, 

quickly sets at body temperature into soft, conformable and durable hydrogels. Its 

dispersions are easy to inject at room temperature, also when mixed with SASCs. The 

transient exposure to shear stresses during the syringe injection, despite of the very 

small gauge needle used, showed no effects on cell viability and did not significantly 

change the hydrogel structure. Mixing the polymer with culture media containing 

various growth factors and hormones which stimulate cell differentiation did not 

detrimentally affect dXG body temperature-induced gelation. Indeed, injectability and 

fast gelation with no recourse to crosslinking agents or initiators are key features for in-

situ forming scaffolds. The hydrogels also retain the chemical and biological molecules 

they have been formulated with making them available to the incorporated cells and 

active, becoming highly specific, function-tailored artificial niches. When dXG is 

formulated with an osteoblastic differentiation-inductive medium, it grants complete 

differentiation of the incorporated stem cell spheroids into the target cell lineage. 

Differentiation leads to significant proliferation and uniform scaffold colonization, 

especially for dXG1-O, when the polymer is at its lowest concentration and pores are 

larger and more interconnected. Interestingly, a 100-fold increase of expression of 

RUNX2 was measured. Being RUNX2 an important transcription factor of many genes 

related to osteoblastic differentiation; further work is needed to investigate in more 

detail its pathway. When dXG is formulated with a chondrocyte differentiation-

inductive medium, the differentiation is exclusively into chondrocytes and is associated 

to a remarkable 10-fold increase of cell viability at T21, for dXG1-C. All hydrogels 

undergo a process of network remodelling when incubated at 37°C, and either a 

complete or only partial erosion at a slow rate when exposed to a large volume of 

aqueous solutions. Their soft and dynamic structure offer adequate support to cells, 

allows their spreading and grant favourable conditions for their viability. All the results 

so far gathered strongly encourage to progress with the biological evaluation of these 

systems on animal models and, at the same time, to explore more in detail eventual 

specific interactions between SASCs and SASC-derived cells with dXG.  
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If the in vivo evaluations will confirm the regenerative effects coming from the 

administration of autologous SASCs with dXG, this approach could become a clinically 

translatable treatment option for cartilage or bone defect with suitable characteristics, 

to activate or accelerate tissue regeneration processes, making the return to functional 

work and sport possible in shorter time and limiting the risk of permanent moderation 

of activities.  
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Figure 10. Shear viscosity of dXG1, dXG1.5 and dXG2.5 mixed with CDM (A) and with 

ODM (B) with and without SASCs as a function of the shear rate; storage modulus, G’ (full 

dot), and loss modulus, G” (hollow dot), of dXG1 (C-D), dXG1.5 (E-F) and dXG2.5 (G-H) 

hydrogels conditioned with ODM and CDM, either not-injected or injected (inj) as a function 

of the frequency.  
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Highlights 

 

 Partially degalactosilated xyloglucan (dXG) dispersed in inductive media rapidly 

set into gels at 37°C 

 Increasing dXG concentration reduces the time to gel and increases the gel 

strength 

 The physical networks undergo significant reorganization during incubation for 

21 days  

 Gels provide control of stem cell differentiation towards a single cell lineage  

 1%w dXG gels show 300% viability for osteocytes and 1000% in chondrocytes 

after 21 days. 

 Cells mixed with the gels and injected through small gauge syringe needles 

retain viability 
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