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Abstract 

Three-dimensional spheroidal cell aggregates of adipose stem cells (SASCs) are a distinct 

upstream population of stem cells present in adipose tissue, with enhanced regeneration 

properties in vivo. The preservation of the 3D structure of the cells, from extraction to 

administration, can be a promising strategy to ensure optimal conditions for cell viability and 

maintenance of stemness potential. With this aim, an artificial niche was created by 

incorporating the spheroids into an injectable, in-situ gelling solution of partially 

degalactosylated xyloglucan (dXG) and an ad hoc formulated culture medium for the 

preservation of stem cell spheroid features. The evolution of the mechanical properties and 

the morphological structure of this artificial niche was investigated by small amplitude 

rheological analysis and scanning electron microscopy, respectively. Comparatively, systems 

produced with the same polymer and the typical culture medium (DMEM) used for adipose 

stem cell growth in adherent cell culture conditions (ASC) were also characterised. Cell 

viability of both SASCs and ASCs incorporated inside the hydrogel or seeded on top of the 

hydrogel were investigated as well as the preservation of SASC stemness conditions when 

embedded in the hydrogel. 

Keywords 

Spheroids of adipose stem cells, artificial niche, in-situ forming gel, partially degalactosylated 

xyloglucan. 

Introduction 

Tissue-engineering aims at identifying the best combination of cells and scaffolds to allow 

cell growth and ultimately creation of new tissue. Mesenchymal stem cells (MSCs) are 

increasingly used as cellular components in tissue engineering owing to their multilineage 

differentiation and regenerative potential [1]. Adipose tissue-derived MSCs (ASCs) are 

particularly attractive for their high concentration in the tissue and ease of harvesting, 

resulting in timely availability and cost-effectiveness [2]. In general, ASCs are first isolated, 

then seeded and cultured as two-dimensional (2D) adherent monolayers on flat and rigid 

substrates and finally either directly administered or implanted/injected in combination with 
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a scaffold [3, 4]. When ASCs are cultivated in low adhesion flasks with a suitable culture 

medium they aggregate in the form of spheroids (SASCs). These culture conditions, that 

provide stem cells with a constant 3D environment from harvesting to administration, seem 

to be beneficial for stem cells to be used in regenerative medicine. In fact, SASCs have 

demonstrated an increased early differentiation potential towards all mesenchymal lineages 

and enhanced bone regeneration properties in vivo in comparison to adherent ASCs or SASC–

derived osteoblasts [5, 6]. They represent a distinct upstream population of ASCs, exhibiting 

the microRNA and mRNA profiles of highly undifferentiated cells, which explains their 

potency [7].  

Direct administration of stem cells presents several limitations and potential risks, 

including short cell survival rates, low residence time after administration, uncontrolled cell 

spreading, poor interaction and integration with the surrounding tissue, and differentiation 

into undesirable tissue [8-11]. The use a porous biomaterial as a scaffold limits cell dispersion 

upon administration and serves as a mechanical structural support [12]. It also provides cells 

with tissue-specific mass transport properties, through its interconnected porosity, granting 

oxygen and nutrient supply and waste removal. It protects the cells from the eventual hostile 

local microenvironment and from the attack of the host immune system. Moreover, the 

additional dimensionality of the scaffold, its stiffness and the eventual presence of specific 

signaling molecules can improve MSCs differentiative and regenerative abilities [13, 14]. 

Hydrogels can meticulously look like the native ECM, due to their hydration, 

interconnected pore architecture and biocompatibility [15]. For this reason, they have been 

explored extensively as ECM mimics, to investigate the mechanical and biochemical aspects of 

the cellular environment on cell function, both in vitro and in vivo, and for the development of 

new tissue [16-18]. Hydrogels used as artificial ECM of MSCs, also called niche, can be either 

decellularized ECMs (dECM), derived from allogenic or xenogenic tissues, e.g. skin, cartilage, 

small intestinal submucosa or amniotic membrane [19-21], or can be fabricated from 

synthetic- and/or natural-origin polymers [22-24]. If injectable, in situ forming hydrogels are 

employed, stem cell retention and optimal microenvironment reconstruction can be achieved 

with minimal invasiveness and with the convenience to reach uneven, and/or difficult to 

access lesions [25, 26]. An interesting approach is based on the synthesis of hybrid systems 

based on-cyclodextrine host-guest interactions to attach various inductive peptides onto 

thermo-responsive poly(organophosphazene)s. Yet, the advantage of high flexibility in 

designing the artificial niche is counteracted by the recourse to a complex chemistry [27]. 

Engineering injectable artificial niches using biocompatible, vegetal-source polymers that can 

form physical gels under physiological conditions, without addition of crosslinkers, sugar or 

alcohols, is a particularly attractive strategy. It limits the risks of an immunogenic response 

and it reduces the number of components and process operations to a minimum, making the 

management of scale-up and regulatory aspects easier.  

Xyloglucan (XG) is a very common polysaccharide present in the cell walls of superior 

plants as crosslinker of adjacent cellulose microfibrils and in seeds as storage compound. 

Xyloglucan from tamarind seeds (TS-XG) is commercially available, non-toxic, biodegradable 

[28, 29] and FDA-approved as food additive [30]. TS-XG is composed of a -(1, 4)-D-glucan 

backbone that is partially substituted by -(1, 6)-D-xylose. In addition, some of the xylose 
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residues are substituted by -(1, 2)-D-galactoxylose [28, 31]. The hydrophilic galactosylated 

side branches provide the polymer with “water-solubility” (see inset in Figure 1). When a 

fraction of the galactose residues are removed by fungal β-galactosidase [32, 33], the partially 

degalactosylated xyloglucan (dXG) forms thermo-reversible gels. In particular, for a galactose 

removal ratio (GRR) between 35% and 50%, and polymer concentrations of 1 %w and higher, 

the macroscopic gelation occurs at body temperature [33]. Owing to the favorable gelling 

behavior and biocompatibility, dXG hydrogels have been already evaluated as in-situ forming 

drug delivery depots [29, 34-38] or scaffolds for the reconstruction of soft tissues [39-41]. It 

is also worth mentioning that dXG has also shown interesting inherent immunomodulatory 

activity [42]. 

In this work, SASCs were mixed with an aqueous dXG dispersion and an equal volume of an 

in house-developed “stem cell medium” (SCM) containing biochemical factors to preserve the 

stem cell spheroid morphology and stemness features [43]. In order to assess the potential 

benefits originating from SASCs as the cellular component, analogous systems were prepared 

using the more conventional ASCs, and DMEM as culture medium. To assess the homing 

ability of dXG hydrogels in case of sequential but separate injections of hydrogel precursors 

and cells, SASC and ASC cells were seeded on the surface of the pre-formed dXG hydrogels and 

cultivated with SCM and DMEM, respectively (see Figure 1). Prior to the evaluation of stem 

cell viability, mechanical and morphological characterisations of dXG hydrogels were 

performed by small amplitude rheological analysis and scanning electron microscopy, 

respectively. The influence of culture media on the hydrogel structure and its evolution with 

time at 37°C was investigated in consideration of the important role that the biomechanical 

and biochemical properties of the micro-environment play on stem cells viability. The ability 

of the in-situ forming scaffold to preserve the stemness features when SASCs are embedded in 

the hydrogel was also investigated by gene and protein expression analysis of pluripotency 

related markers. Finally, the injectability of dXG dispersions loaded with SACSs was evaluated 

by measuring the shear viscosity of the mixture, assessing the rheological properties of the 

hydrogels formed in the presence of the SASCs from the injected dispersions and cell viability 

over a time span of 21 days from the time of injection. 
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Figure 1. Schematic representation of the integration of injectable, in-situ forming partially 

degalactosylated tamarind seed xyloglucan (dXG) gels with spheroids of human adipose stem 

cells (SASCs) or adherent human adipose stem cells (ASCs). “Mixed systems” (b, c) are 

obtained by incorporation of cells in the sol phase at 20°C, while “up systems” (d and e) are 

obtained by seeding cells on the already formed gel at 37°C. SASCs were always compounded 

with SCM (b, d), and ASCs with DMEM (c, e). In the inset (a), the chemical structure of the 

glycosylated unit of TS-XG. 

 

2. Materials and methods  
2.1. Materials  

Tamarind seeds xyloglucan was purchased from Megazyme International (Ireland).  

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 Megazyme International. 

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

(USA). Tamarind seeds xyloglucan was degalactosylated according to an established protocol, 

to obtain a degalactosylated degree of ca. 45%  [33, 44]. 

2.2 Cell cultures 

Adipose tissue was collected from healthy individuals, following approval of an informed 

consensus. Lipoaspirate samples were harvested from different body areas such as abdomen, 

breast, flanks, trochanteric region. After mechanic (shake 30 minutes at 37°C) and enzymatic 

(collagenase 150 mg/ml, Gibco, Carlsbad, CA) digestion, the samples were centrifuged at 1200 

rpm for 5 minutes and the stromal vascular fraction (SVF) was resuspended in specific 

medium. For 3D cultures, the SASCs were plated in stem cell medium (SCM) composed 
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principally by DMEM/F12 salts with added basic fibroblast growth factor (bFGF, 10 ng/ml; 

Sigma, St. Louis, MO) and epidermal growth factor (EGF, 20 ng/ml, Sigma) [43]. SASCs were 

grown as fluctuating spheroids in an ultra-low attachment culture flask (Corning, NY) [5]. 

While for 2D cultures, the SVF was plated in DMEM and FBS (10%) in adherent cell culture 

conditions. All systems were added of a small volume of Antibiotic-Antimycotic solution (1X, 

Gibco) to prevent bacterial and fungal contamination. Culture flasks were placed at 37°C in a 

humidified 5% CO2 incubator. 

 

2.3 Hydrogel preparation 
dXG powder was dissolved in 0.22 m pre-filtered water at 2 %w concentration, by 

magnetic stirring for about 2 hours in an ice bath, then autoclaved at 120°C for 20 minutes to 

attain homogenous dispersion and sterility. dXG systems cannot be strictly considered 

solutions, i.e. completely devoid of chain aggregates. This is due to the presence of galactose-

bare sequences in the chains that cause side-by-side association of few segments of different 

chains forming condensed domains [45, 46]. The dispersions were stored at 4°C. 

Known volumes of the 2 %w polymeric dispersion were either incubated at 37°C for 10 

min (dXG2 T0) or gently mixed with the same volume of water, SCM, or DMEM and then 

incubated at 37°C for 10 min before any further use. After 10 min, for both systems, 

macroscopic gelation has occurred [41]. The “mixed systems” were analysed immediately 

(T0) and after incubation at 37°C for 7 days (T7) and 21 days (T21). Each system is named 

after as dXG1-Z, where 1 indicates the final polymer concentration in weight percentage and Z 

is a letter referring to the swelling/culture medium that has been mixed with the 2 %w dXG 

dispersion. In particular, W stands for water, S for SCM and D for DMEM. 

Known volumes of the dXG2 T0 hydrogels were covered with the same volume of each of 

the aforementioned media (water, SCM or DMEM) and incubated at 37°C for 7 days (T7) and 

21 days (T21). These systems are identified as dXG2UP-Z, where 2 refers to the weight 

percent of the polymer in the original aqueous polymeric dispersions, UP indicates that the 

medium that is added on top of the dXG2 T0 hydrogel, and Z refers to the various 

swelling/culture media. Table 1 shows the composition of all investigated systems in terms of 

polymer concentration, volume percentage of the added medium, content of proteins, glucose 

and main inorganic salts. 

 

Table 1. Final composition of the hydrogels  

Code Deg-XG, %w 
Water,  

% w 
Medium, %v 

Salts 

(g/l) 

Glucose 

(g/l) 

Aminoacids 

(g/l) 

dXG1-W 1 99 \ \ \ \ 

dXG1-S 1 49 50 3.466  2.465 0.837 

dXG1-D 1 49 50 10.100 4.500  5.570 

dXG2 2 98 \ \ \ \ 

 

2.4 Rheological analysis  

The rheological analysis in small-oscillatory conditions was carried out using a stress-

controlled Rheometer AR G2 (TA Instruments). The geometry used was a steel plate of 20 mm 

diameter with a gap of ~500 µm. As a preliminary step in the analysis, strain sweep 

measurements were carried out to identify measurement conditions where there is 
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independence of instrumental responses of oscillation amplitude, i.e. the limit of linear 

viscoelastic regime (LVR). These measurements were executed at 37.0±0.1°C and 1 Hz. The 

strain was swept between 0.001 and 0.01. Frequency sweeps were then performed at 7x10-3 

strain (within LVR for all systems) between 0.1 Hz and 10 Hz. Known volumes of the 

dispersions were poured on the instrument and measurements started after 10 minutes of 

thermal and structural equilibration at 37°C.  

 

2.5 Morphological analysis  

Hydrogels microstructure was investigated using a Field Emission Scanning Electron 

Microscope (SEM) 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. 

 

2.6 Stem cells loading, incubation and recovery 
Cells were loaded either by mixing dXG2 with the same volume of SASC-3D or ASC-2D 

suspension in SCM and DMEM (named after as SASCs-3D dXG1-S and ASCs-2D dXG1-D), 

respectively; or by forming a dXG2 hydrogel slab directly on the cell culture well and adding 

on top the SASC-3D or ASC-2D suspension (named after SASCs-3D dXG2UP-S and ASCs-2D 

dXG2UP-D). In both cases ca. 50000 cells/well were loaded and maintained in CO2 incubator 

at 37°C for 1 day, 7 days and 21 days. Cell proliferation was monitored under a light 

microscope (Leica DM IL LED Fluo). 

The recovery of cells from “mixed systems” was performed by incubation with an aqueous 

solution of Cellulase from Trichoderma reesei (Sigma Aldrich) at a final concentration of 84 

U/ml for 90 minutes at 37°C, centrifugation at 1200 RPM for 5 minutes at 4°C and removal of 

the surnatant dispersion. In order to evaluate eventual effects of the enzymatic treatment on 

cells, the same protocol has been applied to SASCs and ASCs and their viability was confirmed 

by cell count with trypan blue.  

 

2.7 Cell viability evaluation 
Cell viability of SASCs and ASCs was quantified with MTS test (3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)(Biorad). 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 l/well of hydrogel and 50 l/well of culture 

medium. The absorbance at 490nm was analysed at 1 day, 7 days and 21 days of incubation.  

Cells recovered from “mixed systems” incubated for 21 days were resuspended in 1X 

Binding Buffer and stained with 5µl of APC-Annexin V (BioLegend) and 10µl of Propidium 

Iodide (PI) (BioLegend) for 15 minutes at room temperature in the dark, to evaluate the 

apoptotic and necrotic cells. The cells were counterstained with Hoechst dye (10 minutes), 

covered with a glass coverslip and visualized with Nikon A1 confocal microscope.  

 
2.8 mRNA expression profile 

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

(Qiagen) and quantified using fluorometer Qubit4 (Invitrogen). 175 ng of RNA was 

retrotranscribed in cDNA through the High Capacity cDNA Reverse Transcription kit (Applied 
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Biosystems). The qPCR reactions were all performed in triplicate. The predesigned Taqman 

primers (Thermo Fisher) were: SOX2 Hs01053049_s1; POU5F1 Hs00999632_g1; NANOG 

Hs04399610_g1 as stemness markers and GAPDH Hs02758991_g1 as housekeeping gene. The 

relative expression levels of mRNAs were calculated using the 2−ΔΔCt Livak method [47]. 

 
2.9 Immunofluorescence staining 

In order to characterize the SASCs stemness in “mixed” conditions, cell-laden hydrogels 

were plated in chambered cover-glasses (Lab-Tek II Chambered Coverglass) which allow to 

analyse living cells with ideal optical characteristics required for confocal image analysis. 

After 21 days of culture in SCM medium, the samples were fixed in formalin for 10 minutes at 

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

to rabbit anti-human SOX2 antibody (SantaCruz) overnight at 4°C. After incubation to Goat 

Anti-Rabbit, Alexa fluor Plus 568 (Thermofisher Scientific) secondary antibody for 2h at RT, 

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

analysis was conducted with confocal microscope. 

 

2.10 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 Prism 5 statistical software and indicated as p values (*p < 0.05, **p 

< 0.01, and ***p < 0.001). 

 

2.11 Injectability  

The injectability of dXG1-S was evaluated by measuring the shear viscosity of the 

dispersion without and with SASCs (ca. 500000 cells/ml), the storage and loss moduli from 

rheological analysis of cell-laden and cell-devoid hydrogels formed after injection, and cell 

viability by MTS analysis of injected SASCs-3D dXG1-S. The injection was carried out with 2.5 

ml polypropylene syringes equipped with G23 needles loaded with gently pre-mixed SASCs-

3D dXG1-S dispersions. Shear viscosity measurements were performed using the stress-

controlled Rheometer AR G2 in rotational mode at constant temperature of 25.0±0.1°C. 

Samples of dXG1-S dispersion, with and without SASCs, were placed on a 20 mm diameter 

plate with a gap of ~500 µm. Rheological analysis in small-oscillatory conditions was carried 

out as described in section 2.4. Samples were directly injected at ca. 25°C on the rheometer 

plate and let equilibrate at 37.0±0.1°C for 10 minutes. Cell viability of the SASCs-3D dXG1-S 

dispersions injected in 96-well plates was assessed by MTS test as described in section 2.7. 

 

Results and discussion  
3.1 Mechanical and morphological characterisation of the as prepared hydrogels 

Rheological measurements in small-amplitude oscillatory shear conditions were carried 

out on hydrogel samples formed directly on the rheometer plate set a 37°C from aqueous 

dispersions of partially degalactosylated xyloglucan. In Figure 2a the storage modulus, G’, and 

loss modulus, G”, curves as function of frequency for dXG1-W and dXG2 systems are reported. 

dXG2 shows frequency-invariant G’ and G” curves, with G’ approximatively one order of 
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magnitude higher than G”. This rheological behaviour is associated to the formation of a stable 

network (with long living crosslinking points). dXG1-W has lower G’ and G” values than dXG2, 

with G” approaching G’ at higher frequencies. In the frequency range probed, dXG1-W is 

responding as weak and more heterogeneous network, with crosslinks characterised by a 

wide range of lifetimes [48]. 

Figure 2b-c displays the morphology of the dXG1-W T0 and dXG2 T0 cross-sections. dXG1-

W shows an ordinary, random 3D network of interconnected pores with thin walls. The 

system can be considered isotropic and, from a close look, shows shreds of thin membranes. 

dXG2 presents a more compact structure with a multi-layered morphology. The layers are 

formed by thin membranes with inhomogeneous porosity and only spare interconnections. 

The spatial separation among the layers is also fairly inhomogeneous. The development of a 

membrane-structured morphology seems to be related to polymer concentration. 

Concentrated dXG colloidal dispersions can be described as mainly composed of ribbon-like 

aggregates of ellipsoid-like condensed domains with a tendency to bind and stack in parallel 

[49, 50]. The increase of temperature modifies the balance between hydrophilic and 

hydrophobic interactions inducing contraction and further association of flat ribbon-like 

aggregates to form membranes and polymer-depleted interphase regions. It appears that 

extended membranes can only form if the local polymer concentration is sufficiently high and 

gelation not too fast to impede chain disentanglements and reorganisation.  

The more compact structure of dXG2 compared to dXG1-W and the orientation of some 

layers perpendicular to the shear plane impose distortion of the layer stacks and explain the 

higher values of G’ and G”. 
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Figure 2. (a) Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), of dXG1-W T0 

and dXG2 T0 as function of frequency; (b) Morphology of T0 dXG1-W at x500 and x2500 

magnification; (c) Morphology of T0 dXG2 at x500 and x2500 magnification.  

 

3.2 Influence of the culture media on network formation 

In order to provide SASCs and ASCs with a microenvironment that can guarantee their 

survival, dXG gels were loaded with the components present in their typical culture media, i.e. 
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salts, glucose and various aminoacids. In particular, adherent ASCs are generally cultured in 

DMEM, while for SASCs an in house developed medium was considered [43].The final 

hydrogel formulations are the result of either mixing the 2%w dXG aqueous dispersion with 

an equal volume of either SCM or DMEM (“mixed-systems”) or of the addition of the same 

volume of the culture medium on top of the already gelled system (“up-systems”). The “mixed 

systems” provide, already from the beginning of the experiment, the maximum contact area 

between hydrogel and cells, whereas for the “up-systems” this contact area is much reduced 

(and cell-to-cell contact is increased). Since we expect that the various components present in 

the culture media can influence the initial network organisation and its development over 

time, the rheological and morphological properties of dXG gels formed in the presence of 

(“mixed-systems”) or exposed to (“up-systems”) the two culture media were investigated and 

compared with systems containing only the polymer and water. The “up-systems” were 

allowed to equilibrate for 7 days before analysis and were characterised again after 21 days, 

as it will be described in the following section. The “mixed systems” were characterised at T0, 

i.e. ten minutes after compounding, after 7 days (T7) and 21 days (T21) of incubation at 37°C. 

Figure 3a shows the rheological behaviour in small amplitude oscillation conditions for 

dXG1-S T0 and dXG1-D T0. The curves relative to dXG1-W T0 are also reported, for 

comparison. The rheological behaviour of all systems is characteristic of weak gels: G’ curves 

are higher than G” curves and show frequency-dependence”, generally associated to networks 

with a wide range of relaxation times. dXG1-D shows the highest values of both storage and 

loss moduli. No significant differences between the G’ curves of dXG1-S and dXG1-W can be 

evidenced, while G” curve for dXG1-S is more frequency-dependent. It can be argued that the 

components of DMEM, and their higher concentration with respect to SCM, affect the 

polymeric network structure leading to a stronger hydrogel. The identification of the specific 

cause of the observed effects is arduous, being most likely the result of a combination of 

several factors. In facts, amino acids, sugars and salts can have a profound influence on the 

gelation of polysaccharides, due to purely entropic effects (salting out effects or ion-mediated 

depletion forces) and/or by disrupting polymer-solvent H-bonding interactions. The induced 

polymer chain conformational changes can be the cause of further intra-/inter-molecular 

aggregation [51-53]. 

The morphological analysis of the systems confirms the strong effect of the media on 

network organisation. SEM micrographs of sample cross-sections are shown in Figure 4. 

dXG1-D T0 shows a strong fibrillar network. The formation of fibrillar structures, induced by 

the combined presence of kosmotropic salts and an increase of temperature up to ca. 50°C, 

was also observed for the native XG by Sakakibara et al. [54]. XG was described to display a 

conformational transition from a helical structure to a chain extended conformation upon 

heating, that was sensitive to the presence of the anions of the salt present in the medium 

[54]. dXG1-S T0 shows a morphology that can be described as the result of the structural 

collapse of extended hollow membranes formed by fusion of flat ribbons and fibrils, a collapse 

that is likely caused by the freeze-drying process. The size of the holes and the thickness of the 

membranes appear to be very heterogeneous. The existence of heterogenous micro-domains, 

with local density variations, can explain the observed marked frequency-dependence of both 

G’ and G”.  
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3.3 Influence of incubation time on hydrogel structure 

Figure 3b-d shows the mechanical spectra of dXG1-W, dXG1-S and dXG1-D after 7 days and 

21 days of incubation at 37°C, that are the same incubation times chosen for cell viability 

tests. The curves relative to the corresponding T0 systems are also reported for comparison. 

Changes over time in the viscoelastic behaviour of these systems are to be expected, 

considering that the gelation process is fairly rapid and “freeze” the systems in a structure 

that can be very far from equilibrium. During the prolonged incubation at 37°C cooperative 

chain segment dynamics can be activated, and the network structure modified both in terms 

of strength and density of crosslinking points. We expect the network rearrangements to have 

an impact on hydrogel stiffness and morphology. The swelling medium equilibrates also with 

the gaseous atmosphere in the incubation chamber and this may introduce further 

perturbations, like the formation of a drier skin layer. Moreover, the polymer chains at the gas 

atmosphere-hydrogel interface may rearrange as a consequence of its hydrophobicity.  

For dXG1-W (Figure 3b), G’ and G” curves are higher after 7-day incubation, suggesting that 

the polymer chains have undergone organised rearrangements with the formation of a 

stronger network. After two further weeks of incubation, both G’ and G” plots have decreased, 

probably due to further molecular rearrangements.  

A different behaviour is observed for dXG1-D (Figure 3c) and dXG1-S (Figure 3d). For 

dXG1-D, both storage and loss modulus plots progressively decrease with time. For dXG1-S 

(Figure 3d) they progressively increase, and after 21-day incubation the two curves become 

frequency-independent, with one order of magnitude difference between the two. While 

differences between the three systems are not very significant after 7 days of incubation 

(Figure 3e), they become more important after 21 days of incubation, with dXG1-S T21 

resulting in the stiffest hydrogel of the three (Figure 3f). 

The morphology evolution of the systems can provide hints to interpret the observed 

differences in the mechanical spectra (see Figure 4). SEM micrographs of dXG1-W cross-

sections after 7 days incubation show portions of the sample that still resemble the T0 system 

(see inset of dXG1-W T7 in Figure 4) and other portions are characterised by a highly ordered 

morphology, with stacked layers interconnected by uniformly distributed orthogonal walls. 

After 21 days, the structure is characterised by random and wide porosity and large shreds of 

thin membranes. The presence of more compact domains can explain the increase in storage 

modulus for dXG1-W T7, while the heterogeneity in the morphology is in good agreement 

with the strong frequency-dependence of G”. On the contrary, the more widely open porosity 

of the dXG1-W T21 explains the observed reduction in both storage and loss moduli. 

Significant changes in the morphology are also seen for dXG1-D and dXG1-S. The former 

system evolves towards a more open 3D porous structure, that explains the progressively 

lower values of storage and loss moduli. The dXG1-S system shows the formation of large, 

phase-separated domains, that eventually collapse with an increase in local polymer 

concentration and network stiffness. 
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Figure 3. Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), as a function of 

frequency for “mixed systems” produced with the three swelling media and three incubation 

times: (a) dXG1-W T0, dXG1-D T0 and dXG1-S T0; (b) dXG1-W T0, T7 and T21; (c) dXG1-D T0, 

T7 and T21; (d) dXG1-S T0, T7 and T21. Comparison among (e) T7 and (f) T21 systems.  
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Figure 4. SEM micrographs of “mixed systems” cross-sections at various incubations times. 

 

3.4 Incubation of pre-formed gels with different media 

As discussed above, the dXG2UP condition was studied to investigate stem cell viability in 

case of separate injections of scaffold precursors and stem cells. The mechanical spectra of the 

dXG2UP-W, dXG2UP-D and dXG2UP-S systems at day 7 and day 21 of incubation are shown in 

Figure 5a, Figure 5b, and Figure 5c, respectively. The curves relative to dXG2 T0 are also 

reported for comparison. dXG2UP-W shows a progressive slight increase of storage modulus, 

and loss modulus with time. The curves also become more frequency-dependent, suggesting 

that the prolonged incubation is contributing to create a more heterogenous network in terms 

of crosslink lifetimes. For dXG2UP-D, both storage and loss moduli increase and become more 
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frequency-dependent after 7 days and slightly decrease at T21. dXG2UP-S T7 shows a marked 

increase of both storage and loss moduli after the first 7 days and a significant decrease at 

T21.  

The comparison between the three systems at the same incubation time is shown in 

Figures 5d and 5e, for T7 and T21, respectively. At T7, the adsorption of the two more 

complex media, DMEM and SCM, by the dXG2 hydrogel has contributed to increase the 

hydrogel stiffness with respect to the control system (dXG2UP-W). At T21, no significant 

differences among the systems can be appreciated, similarly to the T7 condition for the mixed 

systems. 

In Figure 6, the morphology of dXG2UP-W T7 and T21 hydrogels is shown. The incubation 

for 7 days evidences the fairly regular, layered morphology with orthogonally stacked 

lamellae interconnected by bridge fibres, organisation that partially survives also after 21 

days incubation. It is worth noting that, even after prolonged incubation, the average pores 

size of dXG2UP-W systems is much smaller than the one of the corresponding dXG1-W 

systems. Hence, the addition of solvent soon after gelation does not bring the system to the 

same structural organisation of the system that is directly formed from a more diluted 

polymer dispersion. This means that the concentration of the dispersion at which the network 

is formed strongly affects the hydrogel evolution in time. The composition of the medium 

affects the dXG2UP network in a similar way as for the “mixed systems” even though with an 

appreciable temporal delay. The dXG2UP-S T21 resembles the dXG1-S T0, while the dXG2UP-

D T21 is similar to the dXG1-D T7. The temporal delay in the morphology evolution can be 

explained on the account of the longer relaxation times and slower segmental dynamics that 

characterise the hydrogels produced at higher polymer concentration. This further supports 

our conclusion that these networks form under the kinetic control of a frustrated phase-

separation that make these scaffolds evolve in a fairly predictive way. 
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Figure 5. Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), as function of 

frequency of: (a) dXG2 T0, dXG2UP-W T7 and T21; (b) dXG2 T0, dXG2UP-D T7 and T21; (c) 

dXG2 T0, dXG2UP-S T7 and T21; comparison among the three (d) T7 and (e) T21 systems.  
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Figure 6. SEM micrographs of cross-sections of freeze-dried samples of dXG2 systems at 

various incubations times. 

 

3.5 Biological evaluation 

In order to verify that the in-situ forming dXG hydrogels can be suitable as injectable 

matrices for stem cell administration and/or confinement into precise anatomic parts of the 

patient’s body, both fluctuating SASCs and adherent ASCs (Figure 7a) were either mixed with 

dXG2 dispersions or seeded on top of the dXG2 hydrogel and counted. SASCs and ASCs were 

used after 10 days of in vitro 3D and 2D culture, respectively. 

Cell morphology both in the “mixed systems” and in the “up systems” was inspected under the 

light microscope after 1 day (T1), 7 days (T7) and 21 days (T21), to assess eventual 
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alterations and evident signs of apoptosis (Figure 7a-b). In particular, SASCs show their 

pristine morphology in both mixed and up conditions up to 21 days. They also seem to 

integrate well with the hydrogel. On the contrary, ASCs show signs of suffering in both culture 

conditions already after at 7 days, as indicated by the presence of suspended cell assemblies. 

This phenomenon is particularly evident for the dXG2UP system. 

A quantitative analysis of cell viability was performed by MTS analysis (Figure 8a). Test 

results confirm the maintenance of viability of SASCs up to 21 days, both in mixed and up 

conditions (P<0.001 versus the counterpart ASCs-2D systems), and the decrease of cell 

viability for the 2D-cultured cells, that is of about 50% for the mixed condition and 80% for 

the up condition, after 7 days. In the following two weeks, the ASCs incorporated inside the 

hydrogel partially recover their viability, reaching an average value of 63%, while the ASCs 

that were seeded on top do not. Therefore, even if the survival rate of ASCs after 7 days is 

fairly low, when they were embedded in the dXG1-D matrix, the residual population of alive 

cells seems able to expand. 

To further support the MTS test results of the mixed systems with either SASCs or ASCs, the 

apoptotic and necrotic profiles of cells recovered from the hydrogels after 21 days culture 

were evaluated by Annexin V-PI counterstaining. In particular, most of the SASC population 

resulted Hoechst-positive, hence viable, with only 3% double positive cells to Annexin V and 

PI (in late stage of apoptosis). On the contrary, for the ASC population, 20% of cells are double 

positive and 40% are PI-positive only, necrotic cells (Figure 8b-c). The percentage (about 

40%) of non-viable cells, counted using the MTS test, is in good agreement with the number of 

dead cells for late apoptotic and necrotic events, as determined by cell death assay. The 

combined approach of measuring metabolic activity and assessing membrane integrity 

suggests significant differences in terms of viability and cell death between the SASCs and 

ASCs cultured in the same microenvironment.  

To evaluate the maintenance of SASCs stemness when the cells mixed with dXG1, a gene 

and protein expression analysis of pluripotency related markers was performed on both the 

recovered cells and control system after 21 days of culture. The Realtime PCR analysis reveal 

a 7-fold increase of the expression of SOX2 (P 0.001) and about 2-fold increase in NANOG 

with respect to SASCs. The levels of mRNA POU5F1 are similar for the two conditions (Figure 

9a). Immunofluorescence analysis was carried out to evidence the nuclear expression of 

SOX2. The z-stack visualization of confocal microscopy images, shown in Figure 9b, confirms 

the presence of SOX2 positive cells in SASCs-3D dXG1-S.  

We can conclude that adherent ASCs seem not to find optimal conditions for their survival 

when transferred from the 2D plate to the hydrogels, although when they were incorporated 

inside the matrix after 7 days they recover some proliferation ability. Conversely, SASCs 

remain always viable and maintain their stemness when they are incorporated in the 3D 

matrix. The most interesting finding was a significant increase of SOX2 expression levels in 

the SASCs-3D mixed with dXG1-S, that is one of the main transcriptional factors for the 

maintenance of the pluripotency and self-renewal ability in mesenchymal stem cells [55]. 

SASCs are also viable when cultivated on top of the hydrogel slab. We can speculate that this is 

because they have not developed a specific pattern of membrane adhesion proteins yet, as 

they do have when previously cultured on plastic plates (ASCs) [56-58]. This aspect will be 

further investigated in the development of this research.  
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Figure 7. Light microscopy images of (a) SASCs mixed with dXG1-S and seeded on top of 
dXG2UP-S hydrogels; (b) ASCs mixed with dXG1-D and seeded on top of dXG2UP-D hydrogels, 
at day 1 (T1), days 7 (T7) and 21 (T21) of in vitro culture.  
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Figure 8. (a) Cell viability by MTS at 1 day, 7 days and 21 days of in vitro culture. (b) 
Percentage of positive cells to Annexin-V/Propidium iodide staining. (c) Representative 
images of Annexin V (cyan), PI (red), Hoechst (blue) and merge positive cells of recovered 
SASCs-3D and ASCs-2D to dXG1 after 21 days of in vitro culture. Jo
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Figure 9. (a) Relative gene expression fold change of SOX2, NANOG and POU5F1 in SASCs-3D 
(control) and recovered cells from SASCs-3D dXG1-S; (b) nuclear SOX2 (red), Hoechst (blue) 
and merge positive cells in SASCs-3D dXG1-S. Analyses performed after 21 days of in vitro 
culture.  
 
3.6 Injectability of dXG1-S dispersion mixed with SASCs 

In order to evaluate the suitability of the dXG1-S dispersion mixed with SASCs to be directly 

administered in the site of the lesion, the shear viscosity of the system loaded with SASCs was 

measured and compared to the analogous system without cells. Moreover, the dynamic-

mechanical behavior in small amplitude oscillation conditions of the hydrogel formed from 

dXG1-S mixed with SASCs and injected directly on the rheometer plate with a syringe 

equipped with G23 needle was investigated, to assess the effect of both cells and injection on 

the mechanical properties of the hydrogel. Finally, cell viability of SASCs injected together 

with the dXG1-S dispersion was ascertained. 

The dXG1-S dispersion is liquid-like at 4°C and quickly gel when heated at 37°C. The apparent 

viscosity as function of shear rate of the dXG1-S dispersion with and without cells was 

measured at 25°C. The flow curves, shown in Figure 10a, are typical of pseudo-plastic fluids. 

The viscosity decreases with the increase of the shear rate, leading to a shear thinning region, 

as a result of the decrease in number of chain entanglements when chains orient themselves 

according to the flow direction. The presence of SASCs in the formulation leads to lower 

viscosities at low shear rates likely because the spheroids reduce the number of chain 
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entanglements. Being the apparent viscosity almost always below 0.1 Pa s, according to the 

viscosity-needle ID-glide force correlations shown by Watt et al. 2019 [59] the expected glide 

force with a G23 syringe needle is lower than 5 N, that is well below the highest 

recommended glide force value of 20 N (ISO guidance 11,608-3, sez. 4.3). 

Dynamic mechanical rheological analysis as function of frequency was performed injecting 

the dXG1-S dispersion with and without SASCs directly onto the rheometer lower plate and 

letting it equilibrate to 37°C for 10 minutes. The mechanical spectra show that the injection 

does not affect G’ and G” moduli of both cell-laden and cell-devoid hydrogels. Indeed, G’ and G” 

curves overlap with those of the systems with the same composition but not extruded through 

the syringe needle. On the other hand, the presence of SASCs causes an increase of G’ curve 

only. We can conclude that the spheroids do not obstacle the network formation, but actually 

act as filler reinforcement, filling its large pores.  Furthermore, SASCs embedded in dXG1-S 

maintained their viability also after passage through G23 syringe needles (Figure 10c), 

supporting their potential uses for tissue repair processes with minimally invasive 

procedures.  

 

 
Figure 10. (a) Shear viscosity of dXG1-S and SASC-3D dXG1-S as function of shear rate; (b) 
storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), of dXG1-S T0 and SASC-3D 
dXG1-S T0 before and after injection (inj) as function of frequency; (c) cell viability by MTS of 
SASC-3D dXG1-S T0 before and after injection (inj) at 1 day, 7 days and 21 days of in vitro 
culture.  
 

Conclusions  

Spheroids of human adipose tissue-derived stem cells have a number of advantages over 

2D cultured stem cells that make them a very attractive autologous cell source for aesthetic 

and reconstructive surgery. In order to fully exploit the regenerative potential of these cells, 

effective strategies for their administration in confined anatomic areas of the body and 

creation of microenvironments that also ensure optimal cell viability are required. Partially 

degalactosylated xyloglucan, with ca. 45% degalactosylation degree, is a biocompatible 

polymer that when dispersed into aqueous media rapidly set into durable hydrogels at body 

temperature. The physical networks form under kinetic control of a phase-separation process 

that is frustrated by the sudden increase of system viscosity and affected by both polymer 

concentration and composition of the aqueous phase. In particular, the high saline content of 

DMEM leads to the development of a fibrous network, whereas SCM favors fusion of dXG 

chains into extended hollow thin membranes. Upon incubation at body temperature 

cooperative chain segment dynamics are activated and modify the network structure, stiffness 
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and porosity. In general, dXG1 systems show random and heterogeneous porosity that 

increases in size with incubation time, due to slow erosion. dXG2 presents a more compact 

structure with a multi-layered morphology. The temporal delay in the morphology evolution 

at the increase of polymer concentration can be explained on the account of the longer 

relaxation times and slower segmental dynamics that characterise the hydrogels. Culturing 

SASCs within or on top of dXG hydrogels preserve cells vitality and stemness up to three 

weeks.  

These results encourage to continue on the exploration of biological behavior of SASCs in 

dXG matrices in terms of differentiation abilities in different cell lineages, both in the presence 

and in the absence of purposely added specific signaling factors to fully exploit their potential 

in minimally invasive and personalized regenerative medicine interventions. Moreover, the 

influence of stem cell secreted factors on the hydrogel properties remains to be investigated. 
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