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A B S T R A C T   

Hydrogels represent a key element in the development of in vitro tumor models, by mimicking the typical 3D 
tumor architecture in a physicochemical manner and allowing the study of tumor mechanisms. Here we 
developed a thermo-sensitive, natural polymer-based hydrogel, where chitosan and pectin were mixed and, after 
a weak base-induced chitosan gelation, a stable semi-Interpenetrating Polymer Network formed. This resulted 
thermo-responsive at 37 ◦C, injectable at room temperature, stable up to 6 weeks in vitro, permeable to small/ 
medium-sized molecules (3 to 70 kDa) and suitable for cell-encapsulation. Tunable mechanical and perme-
ability properties were obtained by varying the polymer content. Optimized formulations successfully supported 
the formation and growth of human colorectal cancer spheroids up to 44 days of culture. The spheroid dimension 
and density were influenced by the semi-IPN stiffness and permeability. These encouraging results would allow 
the implementation of faithful tumor models for the study and development of personalized oncological 
treatments.   

1. Introduction 

In vitro tumor models represent an important tool to study tumor 
complexity and validate drugs or combinations of drugs, towards the 
development of patient-specific treatments (Fang & Eglen, 2017). 
However, current experimental models in cancer research often fail to 
reproduce the heterogeneity of tumors and their complexity (Kamb, 
2005; Zanoni et al., 2020). 2D cell culture systems do not allow faithful 
reproduction of cell physiology (Baker & Chen, 2012) and often distort 
the cellular behavior. As a consequence, they represent a poorly pre-
dictive drug testing model (Edmondson et al., 2014; Skardal et al., 
2015). Contrarily, animal models can reproduce a higher level of 
complexity, but experimental costs, ethical concerns and species vari-
ability often prevent the extension of potential therapies to humans 
(Reidy et al., 2021). In order to bridge the gap between 2D in vitro 
cultures and animal models, organoids and spheroids are currently 
among the most promising tools for mimicking the complexity of human 
cancer in a 3D environment (Lau et al., 2020; Zanoni et al., 2020). 

A simplified in vitro mimesis of the tumor structure is represented by 
multicellular spheroid cultures, obtained exploiting the ability of the 
tumor epithelial component to proliferate and self-assemble either on a 
non-adherent surface or immersed in a 3D matrix (Thakuri et al., 2018). 
From a morphological point of view, they recapitulate cell-cell, cell- 
matrix interaction, cell exposure to growth factors, conditions of hyp-
oxia and acidic environment (Friedl & Wolf, 2003; Paschos et al., 2009). 
They are widely used in tumor biology research, allowing the study of 
tumor growth, angiogenesis, invasiveness and resistance to therapy 
(Thakuri et al., 2018). However, their drawbacks are the small size, 
limited by the supply of nutrients and oxygen to the inner cells (Achilli 
et al., 2012) and the large use of tumor cell lines (Thakuri et al., 2018). 

Both biological and synthetic biomaterials have been proposed to 
support the formation and growth of several types of cells and spheroids, 
as extracellular matrix (ECM)-like analogues, driving a variety of 
cellular processes (Kamatar et al., 2020; Quarta et al., 2021). Chemically 
defined synthetic polymers have been largely used to develop hydrogels 
systems for 3D culture (Aisenbrey & Murphy, 2020). In contrast to 
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synthetic polymers, which are considered biologically inert materials, 
natural hydrogels are ideal candidates for cell culture because of the 
presence of components similar to the ECM composition (Wieringa et al., 
2018). Natural polymers (e.g. polysaccharides, proteins and animal de-
rivatives) are able to bind water molecules and possess biodegradability 
and physicochemical properties including architecture, rigidity and 
porosity that can closely mimic the hydrated ECM of a tissue. Some 
natural hydrogels, thanks to the presence of matrix proteins, can be 
remodeled by cells and promote cell adhesion (Wieringa et al., 2018), 
although the poor stability of natural ECM-derived matrices often pre-
vents their use in long-term culture (Blondel & Lutolf, 2019). Generally, 
organoid culture is associated with the use of animal ECM-materials 
such as matrigel and its derivatives (Blondel & Lutolf, 2019). Howev-
er, the variability of mechanical and biochemical characteristics be-
tween different batches and within the same batch, and the antigenicity 
potential, related to the presence of animal-derived contaminants, make 
matrigel unsuitable for a reproducible representation of the cellular 
microenvironment, while its rapid degradability prevents its use in long- 
term culture studies, limiting its applicability to cell biology (Czerwinski 
& Spence, 2017). Natural and synthetic chemicophysically defined 
hydrogels are therefore widely proposed for organoid cultures, pro-
moting cell expansion, differentiation and organization. For example, 
hybrid hydrogels, in which two or more biopolymers interact synergis-
tically, offer the possibility to cover a higher range of physicochemical 
properties (Liu et al., 2019). The incorporation of a second network into 
a single polymeric hydrogel allows the development of interpenetrating 
polymer network (IPN) hydrogels with improved mechanical properties 
and the study of complex cell-matrix interactions (Dhand et al., 2020). 
Among natural polymers, polysaccharides, such as pectin, a linear, non- 
toxic, anionic plant polysaccharide characterized by the presence of 
galacturonic acid molecules, and chitosan, a deacetylated derivative of 
chitin, a cationic polysaccharide, localized in the exoskeleton of crus-
taceans, have been evaluated (Tentor et al., 2017). The combination of 
these two polymers can lead to the formation of physical hydrogels with 
the development of an interpolymer complex network (Nordby et al., 
2003), occurring in an aqueous environment as a result of the electro-
static interaction between the positive amino groups of chitosan and the 
negative carboxyl groups of pectin under certain pH conditions (da 
Costa et al., 2016). 

Here, we focused on the development of a composite biopolymer 
network for cell-encapsulation as 3D in vitro model, showing that chi-
tosan and pectin can be successfully processed at mild conditions to 
obtain a thermo-sensitive hydrogel, suitable for cell-embedding and 
supporting the formation and growth of tumor spheroids. We exploited 
the salt-mediated ability of chitosan to gel at 37 ◦C while incorporating 
pectin into the system, leading to a semi-interpenetrating polymer 
network (semi-IPN). Generally, chitosan is soluble only at acidic pH and 
the neutralization of its positive charges through strong bases normally 
results in chitosan fiber precipitation. However, by using a weak base 
such as beta-glycerophosphate (βGP), it is possible to keep the deace-
tylated chitosan chains in solution at room temperature (r.t.) and 
physiological pH and induce the gel transition by increasing tempera-
ture, obtaining a thermo-sensible gel (A. Chenite et al., 2001). Here, we 
hypothesized that pectin can be introduced into the system, without 
losing the cell-embedding requirements but improving the system fea-
tures with respect of the single-polymer hydrogel, and the use of such 
composite system to support the formation and growth of tumor 
spheroids as 3D models for colorectal cancer (CRC), which is the second 
leading cause of death in developed countries (Siegel et al., 2020). The 
extracellular environment in CRC is dynamic, constantly changing and 
plays an important role in tumor progression (Li et al., 2020). For this 
reason, it is important to develop an ECM-based model exhibiting the 
same degree of stiffness of the tumor microenvironment in vivo (Reidy 
et al., 2021). Hence, a further hypothesis of this study was that (i) the 
physicochemical properties of the chitosan-pectin composite can be 
tuned by varying the overall polymer concentration (Ch-Pec), but 

keeping constant the molarity of the βGP salt, and (ii) different systems 
with modulated degree of stiffness significantly affect the formation and 
extended culture (up to 44 days) of CRC spheroids in vitro. 

2. Experimental section 

2.1. Preparation of thermo-responsive hybrid hydrogels in chitosan-pectin 

Low molecular weight chitosan (Mw 50 k–190 k Da based on vis-
cosity, degree of deacetylation ≥75%; #448869 Sigma Aldrich, Milan, 
Italy) (Ch), Pectin from citrus peel (Galacturonic acid ≥74.0% dried 
basis, methoxy groups ≥6.7%, unknown Mw, #P9135 Sigma Aldrich) 
(Pec) and beta-glycerophosphate (βGP) (Sigma Aldrich) were used for 
hydrogel preparation. The hydrogels were obtained by solubilizing Ch 
powder (w/v) in aqueous solution of hydrochloric acid (HCl) 0.1 M and 
Pec powder (w/v) in deionized water (DI) under stirring at r.t. over-
night. The Ch solution was further centrifuged at 1500 rpm for 5 min at 
4 ◦C to remove bubbles. The two solutions were mixed in an optimized 
weight ratio (50:50) and centrifuged at 1500 rpm for 5 min at 4 ◦C. The 
gelling agent (βGP) was added to the resulting mix to induce a sol-gel 
transition at physiological temperature. The final total polymer con-
centration for High, Medium and Low hydrogels was 2.77%, 1.66% and 
1%, respectively (details reported as Supplementary materials), keeping 
the molarity of βGP salt constant at 0.04 M. For some tests, 500 μL of 
complete DMEM was added to the final gel solution by the drop by drop 
technique and mixed through a spatula, in order to simulate the cell 
encapsulation step. 

2.2. pH measurement, injectability and inversion tube test 

The pH of the solutions of Ch, Pec, βGP, Ch-Pec mix and the final 
hydrogels was measured by test strips and monitored during the gelation 
process. Injection tests were performed by visual inspection, injecting all 
the hydrogel samples through a syringe connected to a 23G needle. In 
order to evaluate the thermo-sensitive sol-gel transition through the 
inversion tube test, the solutions were placed in vials at r.t. and 37 ◦C 
(physiological condition) and the fluidity/viscosity of the hydrogels was 
visually assessed through the inversion of the vial, at different experi-
mental time points. 

2.3. Rheological test 

In order to determine the thermo-sensitivity of gelation process, 
rheological measurements were performed with an Anton Paar instru-
ment (Physica MCR 301, Ostfildern, Germany) equipped with a two 
plates geometry (plate diameter 25 mm, gap distance 0.5 mm) and 
connected to a circulating water bath. Immediately following the High, 
Medium and Low hydrogels preparation, the variation of storage 
modulus (G′) and loss modulus (G′′) with temperature was measured in 
the linear viscoelastic range, at constant shear strain (5%), constant 
frequency (1 Hz), while the temperature was increased from 7 to 42 ◦C at 
a rate of 1 ◦C/min. Each test was performed in duplicate. 

2.4. Swelling test 

The swelling ability of the hydrogels was assessed through gravi-
metric measurements, i.e. evaluating the weight variations of the 
hydrogel samples over time. Briefly, after thermal gelation (2 h at 
37 ◦C), the samples were frozen at − 20 ◦C, lyophilized overnight (LIO 
5P, Cinquepascal, Milan, Italy) and weighed. The samples were 
immersed in phosphate-buffered saline (PBS) at 37 ◦C and weighed 
again at different time points. The swelling ratio percentage (SR) was 
calculated according to the following formula (1), where Wdry is the 
initial dry weight of the hydrogel and Wwet is the weight of the hydrogel 
after hydration in PBS and incubation at 37 ◦C: 
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SR (%) =
[(

Wwet − Wdry
)/

Wdry
]
× 100 (1)  

2.5. In vitro stability 

The non-enzymatic degradation of the hydrogel over time was 
evaluated through the stability test. After gel formation, the samples 
were hydrated in PBS and incubated at 37 ◦C in oven, monitoring the 
weight at different time points. The percentage of weight loss (WL) was 
calculated according to the following formula (2), where W0 is the initial 
weight of the hydrogel at t = 0 after thermal gelation and Wi is the 
weight of the hydrogel at different time points: 

WL (%) = [(W0 − Wi)/W0 ] × 100 (2)  

2.6. Compression test 

After thermal gelation, hydrogel samples were measured in terms of 
diameter and thickness and sandwiched between two impermeable and 
non-lubricated compression plates. Compression tests were performed 
in “wet” conditions at r.t. using a universal uniaxial machine (Zwicki-
Line 1kN, Zwick Roell, Kennesaw, GA, USA) (Fig. S1). The average 
Young's modulus (E) was calculated as the slope of the linear part of the 
stress-strain curves at low strain values (0–5%) for each − DMEM 
formulation and +DMEM formulation with HCT-116 cell encapsulation 
at different time points. 

2.7. Morphological analysis: image analysis and porosity measurement 

The porous structure of the hydrogels, with and without the addition 
of DMEM solution during preparation, was observed by optical micro-
scopy. After thermal gelation, the samples were frozen for 2 h at − 20 ◦C 
and freeze-dried overnight. The samples were sectioned both longitu-
dinally and transversely (L and T sections) and the sections were 
observed at different magnifications (5×–10×–20×). Finally, the mea-
surement of the pore diameter of hydrogel formulations (High, Medium, 
Low) with and without the addition of DMEM was analyzed using 
ImageJ software (ImageJ bundled with 64-bit Java 1.8.0_172). Briefly, 
five microscopy images of different sections at magnification 5× were 
analyzed for each hydrogel typology after lyophilization, measuring the 
diameter as an average of two measurements for each pore, with a total 
of approximately 250 pores per sample. 

2.8. Permeability test 

The permeability to small proteins, nutrients and metabolites, was 
evaluated through the use of three fluorescein isothiocyanate− dextran 
molecules (FD, Sigma-Aldrich) having a Mw of 3 kDa–5 kDa (FD4), 20 
kDa (FD20) and 59 kDa–77 kDa (FD70). Once the hydrogel solutions 
were prepared, 500 μL were placed into each vial and thermally gelified. 
Finally, 1 mL of labeled-dextran solution (1 mg/mL in PBS) was added 
on the surface of the hydrogel. After incubation at 37 ◦C, the FD con-
centration in the supernatant was quantified through absorbance at 
defined time points (1, 6 and 24 h), using a spectrophotometer (Varian 
Cary 50 UV–Vis, Agilent, Santa Clara, CA, US) at a wavelength of 490 nm 
and known and scalar concentrations of FD solutions as reference. 
Starting from formula (3), where Ci is the initial concentration of FD (1 
mg/mL), Vi the initial volume of PBS (1 mL) and Vf the final volume of 
gel (0.5 mL) + FD (1 mL), it was possible to calculate the equilibrium 
concentration of FD, i.e. the maximum limit of dextran that can cross the 
gel, as well as the ratio between the final volume and the initial con-
centration of dextran in the solution. The equilibrium concentration was 
equal to 0.66 mg/mL: 

Cf (mg/mL) =
[
(Ci ×Vi)

/
Vf

]
(3)  

2.9. Cell culture 

Colorectal carcinoma cells (HCT 116, ATCC CCL-247, LGC Stan-
dards, Milan, Italy) were cultured in DMEM with 4.5 g/L glucose and 
sodium pyruvate without L-glutamine (Corning, Glendale, AZ, US), 
supplemented with 2 mM L-glutamine (Gibco), 10% Fetal Bovine Serum 
(FBS) (Corning), 100 U mL− 1 penicillin and 100 μg mL− 1 streptomycin 
(Gibco). Cells were incubated at 37 ◦C with 95% of humidity and 5% of 
carbon dioxide. 0.05% Trypsin-EDTA 1× (Corning) was used regularly 
to pass cells every 2–3 days preventing full confluence. 

2.10. Cell encapsulation with HCT 116 within hydrogel formulations with 
different stiffness 

After assessing the hydrogel biocompatibility and setting the optimal 
encapsulation cell density equal to 50,000 cells/mL of hydrogel, HCT 
116 cells were encapsulated in hydrogel formulations with different 
stiffness (High, Medium, Low) and the formation of spheroids was 
monitored up to 44 days by optical microscopy (EVOS XL, Thermo 
Fisher Scientific, Waltham, MA, US). Another set of experiments was 
performed to compare the spheroid growth in the Medium formulation 
with single polymer control samples (2% Ch and 2% Pec). 

Ch, Pec, βGP solutions were sterilized with UV light for 1 h, as well as 
everything needed for the cell encapsulation experiment, performed 
under a cell culture hood. Once the three different formulations of Ch- 
Pec-βGP 0.04 M hydrogel were prepared, 500 μL of DMEM containing 
the HCT-116 cells were added using the drop by drop technique and 
mixed gently with a spatula to evenly distribute the cells. Hydrogel spots 
(1 mL) were distributed in each well of a 24-well cell culture plate (6 
aliquots for type of hydrogel) and incubated at 37 ◦C for 20 min to allow 
an initial gelation of the samples. Afterwards, each well containing gel 
was covered with 1 mL of DMEM for removing the salt residues, and 
replaced with complete DMEM after 10 min. The culture medium was 
replaced with fresh medium every 3 days. 

Image analysis of spheroid formation and growth was performed 
using ImageJ software. Briefly, 40 microscopy images at magnification 
20× were analyzed for each hydrogel type (High, Medium, Low) for 
different time points (0, 4, 10, 21, 30, and 44 days) to calculate the 
diameter and area of each spheroid. For the analysis of spheroids den-
sity, 5 images at lower magnification (4×) were analyzed for each 
hydrogel type at different time points (0, 4, 10, 30, 39, and 44 days). 

2.11. Cell viability through live and dead staining 

Cell viability of the HCT 116 spheroids in hydrogel was evaluated 
using a ReadyProbes Cell Viability Imaging Kit (Blue/Red) (Thermo 
Fisher). Briefly, 3 mL of DMEM with 6 drops of NucBlue Live Reagent 
and 6 drops of Propidium Iodide (PI) were prepared. Once the cell 
encapsulation was carried out, 1 mL of DMEM was removed from each 
well of a 6-well cell culture plate and 1 mL of DMEM with Live and Dead 
reagents was introduced. The samples were incubated for 2 h at 37 ◦C 
and cell viability was observed by fluorescence microscopy, with blue 
indicator for total cells and red for dead cells. 

2.12. Analysis of CRC spheroids in hydrogel by DAPI/phalloidin staining 

Spheroids grown in different hydrogel formulations were fixed at 
different time points (11, 21, 28 and 44 days). Briefly, an initial wash of 
the samples was performed with 1 mL PBS. 1 mL 4% paraformaldehyde 
was then added to each well. After 10–12 min at r.t., 3 washes in PBS 
were carried out to remove excess paraformaldehyde. For nucleic acid 
(DAPI) and cytoskeleton (phalloidin–TRITC) (Sigma-Aldrich) staining, 
500 μL of (1:10,000 v/v) DAPI solution in PBS was added to each well 
and incubated at r.t. in the dark for 30 min. Afterwards, a washing step 
was carried out with 1 mL PBS and 400 μL of phalloidin solution (5 μg/ 
mL) was added to each well, incubating for 1 h in the dark at r.t.. 2 
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washes with 1 mL PBS were carried out and finally 200 μL of PBS were 
added to cover the surface of the hydrogels. 

2.13. Statistical analysis 

All the experiments were performed in triplicate and the results are 
reported as the mean ± standard deviation. Data analysis and graphing 
were performed with Microsoft Excel 2019. Regarding the compression 
tests, GraphPad Prism software (v. 8.4.2) was employed to perform 
statistical analysis, using one-way ANOVA analysis. 

3. Results 

Thermo-sensitive hydrogel systems based on chitosan and pectin 
have been successfully developed exploiting the use of a wake base, 
namely βGP, as a thermal trigger for chitosan gelation (Assaad et al., 
2015; Chenite et al., 2001; Zhou et al., 2015). A stable compound was 
formed in which pectin is incorporated and interpenetrated among 
chitosan chains, giving rise to a semi-IPN (Fig. 1). The first aim of this 
work was to design and develop a composite hydrogel in Ch-Pec able to 
overcome the limitations reported in literature regarding its prepara-
tion, such as high solubilization temperatures and use of highly acidic 
solutions. 

Three different formulations were obtained (named High, Medium 
and Low) varying the Ch-Pec content and were subjected to deep anal-
ysis. The influence on the physicochemical properties of the small 
amount of cell culture medium (DMEM), needed to introduce the cells 
within the hydrogel, was evaluated comparing the obtained results with 
the hydrogel system without DMEM (named hereafter +DMEM and 
− DMEM). 

3.1. pH measurement, injectability and inversion tube test 

We measured the pH values of starting polymer and βGP solutions, as 
well as of final hydrogel (chitosan-pectin in 50:50 weight ratio, 0.04 M 
βGP) (Table S1). Despite the acidic pH values of the starting solutions, all 
the systems in Ch-Pec-βGP exhibited a pH range between 6 and 7 
following the addition of the βGP and then reached a neutral pH value 
(pH = 7.4) immediately after mixing with DMEM, used to simulate cell 
encapsulation. 

As reported in Table 1, all the hydrogel formulations were injectable 

at r.t., through a G23 needle (Videos S1–S3). The inversion tube test 
allowed evaluating the thermo-sensitive sol-gel transition by visually 
assessing the fluidity/viscosity of the hydrogels through the inversion of 
the vial, at both r.t. and 37 ◦C at different experimental time points. The 
higher polymer content formulation (High), due to the high viscosity, 
did not flow along the walls of the tube at r.t. (Fig. S2A). However, 
without increasing the temperature and incubating the sample for 2 h at 
37 ◦C, a stable gel state could not be reached, demonstrating that ther-
mal gelation did not occur. The intermediate formulation (Medium), 
characterized by lower viscosity, showed a slight and slow fluidity at r.t. 
However, after 2 h at 37 ◦C the sol-gel transition process resulted 
complete (Fig. S2B). On the contrary, the formulation with lower 
polymer concentration (Low) was able to flow at r.t., but also after 2 h of 
incubation at 37 ◦C, indicating that gelation process was not complete 
after 2 h (Fig. S2C). However, when the incubation at 37 ◦C was 
extended to 6 h, the fluidity drastically decreased (Videos S4 and S5). 

3.2. Rheological characterization of the thermo-sensitive gelation process 

The temperature dependence of High, Medium and Low hydrogels 
storage modulus G′ is reported in Fig. 2. Upon heating from 5 to 50 ◦C, 
the temperature at which G′ rapidly increases gives an indication of the 
temperature of incipient gelation (Chenite et al., 2001). All three for-
mulations show a thermo-sensitive behavior (Fig. S3) presenting an in-
crease in the storage modulus G′ when temperature exceeds the 35 ◦C, 
while the loss modulus G′′ remains almost constant in the 21–42 ◦C 
temperature range. As it can be observed in Fig. 2, the High and Medium 
formulations show significantly higher G′ values in comparison to the 
Low formulation. 

Fig. 1. Representation of Ch-Pec semi IPN development.  

Table 1 
Overview of the results related to inversion tube test and injectability for 
different hydrogel formulations (High, Medium, Low).  

Inversion tube test High Medium Low 

t = 0 r.t. No flow Flow Flow 
t = 2 h 37 ◦C / No flow Flow (slow gelation) 
t = 6 h 37 ◦C / / Flow (slow gelation) 
t = 24 h 37 ◦C / / Flow (slow gelation) 
Injectability at r.t. Injectable Injectable Injectable  
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3.3. Swelling test and in vitro stability 

The swelling test was conducted on hydrogels with and without 
addition of complete DMEM, up to 7 days of incubation at 37 ◦C. All the 
formulations showed a high swelling capacity already in the first 10 min 
of incubation in PBS at 37 ◦C; the High and Medium formulations 
showed a comparable trend, while the Low sample, with and without 
complete DMEM, showed a higher swelling ratio (>2000%) (Fig. 3A). 
Equilibrium was reached for all samples after a few hours and remained 
almost constant for up to 7 days (Fig. 3B). 

The kinetics of hydrogel degradation was evaluated by stability test, 
conducted with or without DMEM addition, up to 49 days of incubation 
at 37 ◦C. All the formulations showed comparable degradation trends in 
the presence or absence of DMEM. The High samples were the most 
stable over time, compared to the Medium and Low formulations that, 
although showing different kinetics, completely degraded after 14 days 
at 37 ◦C (Fig. 3C–D). 

3.4. Compression test 

The compression test, aimed at evaluating the stiffness, i.e. Young's 
modulus, of the hydrogel systems (High, Medium, Low), allowed us to 
observe that there is a direct proportionality between the total polymer 
concentration and the hydrogel stiffness. No significant differences 
emerged between the formulations with or without DMEM. Significant 
differences were instead observed between the two more concentrated 
formulations (High and Medium) and the lower one (Low) (Fig. 4). No 
significant differences were observed between the Young modulus of 
High and Medium samples in the low strain range of (0–5%). However, 
significant differences were registered between the two specimens in the 
higher strain range, between 5 and 20%. 

3.5. Morphological analysis: image analysis and porosity measurement 

Optical microscopy was used to study the hydrogel structure (High, 
Medium and Low, all − DMEM and +DMEM). Image acquisition and 
morphological evaluation performed on freeze-dried samples sectioned 
longitudinally and transversely at different magnifications showed that 
all the formulations presented an open and highly interconnected 
porous structure (Figs. 5A–B, S4–S5). The image analysis allowed 
defining the pore diameter of the different formulations, whose average 
values ranged from 150 μm to 220 μm, with a comparable trend among 
the tested formulations. The High and Medium formulations showed 
larger pore size in the +DMEM formulation, while the Low sample 
showed a decrease in pore diameter in the − DMEM formulation 
(Fig. S6). 

3.6. Permeability test 

The diffusivity test carried out using fluorescent isothiocyanate- 
labeled dextran (FITC) at different molecular weights (MWs), i.e. 3–5 
kDa, 20 kDa and 70 kDa, showed an inverse proportionality between 
MW and polymer concentration: the permeability to small proteins, 

Fig. 2. Temperature-dependence of storage modulus G′ for High, Medium and 
Low hydrogels. 

Fig. 3. Swelling test results for hydrogel formulations with and without DMEM addition, reported in a time frame of 30 min (A) and 7 days of incubation (B). 
Stability test results for hydrogel formulations with and without DMEM addition, reported in a time frame of 14 days (C) and 49 days of incubation (D). 
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nutrients and metabolites was favored in the Low formulation which 
was the most permeable to the passage of dextran with different MWs, as 
shown in (Fig. 5C). In the plot relative to the lowest MW dextran, already 
in the first hour, the dextran concentration reached the equilibrium, i.e. 
the maximum concentration that could perfuse the hydrogel. In the 
other formulations, dextran needed longer time (24 h) to completely 
permeate the gel, achieving a permeability rate of 100% in all three 
samples. In addition, 20 kDa dextran easily diffused through the Low 
hydrogel, reaching a 100% diffusion rate in 24 h, and failed to 
completely diffuse through the more concentrated formulations (High 
and Medium) with a value of 83% and 91% at 24 h, respectively. On the 
other hand, 70 kDa dextran completely crosses the Low sample (100%) 

already in the first hour and the High and Medium formulations more 
slowly, with a value of 83% and 100% in 24 h. 

3.7. Encapsulation of HCT 116 cells and growth of the spheroids in the 
three-hydrogel formulations 

The immortalized human colorectal cancer cell line (HCT-116) was 
chosen to assay the ability of the three hydrogel formulations to promote 
the growth of 3D cellular structures and host the tumor spheroids for 
long-term studies. The cells were encapsulated within each type of 
hydrogel prior to the gel transition and the spheroids growth was 
monitored up to 44 days by optical microscopy observation and 

Fig. 4. Compression test results. Young's modulus calculated in two different strain range: 0–5% strain, (light colors) and 5–20% strain (dark colors) of High, 
Medium, Low hydrogel formulations both − DMEM (left) and +DMEM (right). *≤0.05, ****≤0.0001. 

Fig. 5. Apparent porosity investigation and permeability tests. Morphological analysis of hydrogels with and without the addition of DMEM, at different magni-
fication: 5× (A) (scale bar = 200 μm), 20× (B) (scale bar = 50 μm). Permeability test with FITC-dextran (FD) at different MW (FD4: 3 kDa–5 kDa; FD20: 20 kDa; 
FD70: 59 kDa–70 kDa) on different hydrogel formulations; the red dotted line represents the FD concentration at the equilibrium (C). 
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statistically analyzed using image analysis software. Preliminary studies 
were carried out to set the optimal cellular density to be encapsulated: a 
concentration of 50,000 cells/mL was finally fixed to have a homoge-
neous cellular dispersion and a uniform distribution of the spheroids 
into the hydrogels minimizing the risk of generating fused spheroids 
from neighboring cells. 

Size, morphology and density of the HCT 116 spheroids were 
affected by the stiffness and permeability of the hydrogel system 
(Fig. 6A). The formation of multicellular spheroids was observed in all 
chitosan-pectin hydrogels, and a prolonged viability (up to 44 days) was 
witnessed, although the initial spheroids growth rate was faster in the 
Medium and Low than in the High hydrogel formulation (Fig. 6). Indeed, 
the Medium and Low formulations already showed an active cell divi-
sion process in the first 48 h, which led to the appearance of small 
spheroids (Fig. 6C) already after 4 days of culture, with an average 
diameter value of 49 μm and 43 μm, respectively. Instead, in the High 
formulation hydrogel, spheroids appeared with an average diameter 
value of about 58 μm, starting from day 10. Moreover, the morphology 
of spheroids grown in the High hydrogel formulations was irregular and, 
although some of them reached a large size (around 250 μm, Fig. 6C), 

the entire spheroids population was highly heterogeneous. On the other 
hand, spheroids grown in the Medium and Low formulations showed a 
lower but more homogeneous size (an average of 120 μm Fig. 5C) as well 
as a more regular morphology. These findings were confirmed by a 
statistical analysis performed to define both the average HCT 116 
spheroids diameter and their area in the different hydrogel formulations 
(Figs. 6C, S7). The High samples showed a positive growing trend up to 
30 days, while the other two reached a plateau value between the 10th 
and 20th day of culture. Analyzing the spheroid density, we found an 
inverse proportionality between stiffness and density: from a quantita-
tive point of view, the Low sample presented a greater amount of 
spheroids, when compared with Medium and the High samples (Fig. 6B, 
D). 

3.8. Effects of the spheroids growth on the hydrogels stiffness over time 

Compression test was performed to evaluate the mechanical prop-
erties and therefore the degree of stiffness of the hydrogels at different 
time points of the in vitro culture, i.e. in the presence of HCT 116 cells or 
spheroids. The average Young's modulus (E) was then calculated at two 

Fig. 6. Optical investigation and image analysis results of HTC 116 spheroid growth in Ch-Pec hydrogels. Morphological observation at different magnification of 
spheroid formation in High, Medium and Low hydrogel formulations up to 44 days of culture, scale bars: 200 μm (A) and 1000 μm (B). Plots of the average values 
(with standard deviation) of spheroid size (C) and density (D) at different time points. 
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strain ranges (0–5% and 5–20%) from the stress-strain curve obtained 
from compression test performed on the hydrogel formulations after 
HCT-116 cell encapsulation at different time points (t = 0, t = 7, t = 14, t 
= 21 days) (Fig. 7). The respective mean values and standard deviations 
have been plotted at each in vitro stage. The results showed that, in the 
first 2 weeks, the Young modulus at low strain values increased as the in 
vitro cell culture proceeded, while decreased at the third week of culture. 
A similar trend was observed for all the formulations, even if High and 
Medium hydrogels showed higher Young moduli than the Low one, as 
expected. In the 5–20% strain range, however, the slope of the stress- 
strain curve of both Medium and Low formulations did not show any 
significant changes related to the in vitro culture progression, while the 
High formulation Young modulus displayed a growing trend after 14 
and 21 days. 

3.9. Ch-Pec hydrogel synergistic effect in the formation of HCT 116 
spheroids 

In order to evaluate the effect of each polymeric component on 
spheroid growth, HCT 116 cells were encapsulated in either Ch-only or 
Pec-only hydrogels respectively. For the preparation of these hydrogels 
the molar amounts of Ch and Pec of the Medium formulation were used, 
since it proved to be optimal in terms of physicochemical properties. 
Pec-only hydrogels (in combination with βGP) were not able to sustain 
the growth of 3D structures (Figs. 8, S8) and, therefore, no spheroid 
formation was observed. On the other hand, chitosan with βGP (0.04 M) 
underwent the thermal sol-gel transition, achieving a 3D architecture. 
This led to the appearance of a few spheroids with an average diameter 
of about 150–200 μm, only after 2 weeks of culture. Noteworthy, the Ch- 
Pec formulation with βGP showed a higher number of spheroids over 
time than Ch-only. Therefore, these results highlighted the synergistic 
effect of chitosan-pectin mix, with respect to the Ch-only and Pec-only 
control solutions. 

3.10. Comparative analysis of CRC spheroids grown in the three hydrogel 
formulations 

The cell viability of HCT-116 spheroids was assessed using the Live 
and Dead Assay, performed at different experimental time points from 
day 7 to day 44 of culture (Fig. 9A). Spheroids exhibited high viability 
(represented by blue color) in all the tested formulations until day 21. 
Starting from day 28 of culture, a necrotic core (red area in the image) 
appeared evident in all the samples. Spheroidal growth was optimally 
supported by the developed hydrogel systems, as shown by DAPI/Ph 
staining at day 28 (Figs. 9B, C, S9–S11). 

4. Discussion 

3D culture systems based on the use of a supporting material such as 
hydrogels allow cells to experiment the typical three-dimensional ar-
chitecture of in vivo organs and have become a valid tool for the study of 
tumor microenvironment and of the pathological mechanisms involved 
in tumor development. Here, we developed a natural composite 
hydrogel system in chitosan and pectin, featuring a thermo-responsive 
behavior, tunable mechanical properties, and high biocompatibility. 

Chitosan and pectin matrices have been largely used in the fields of 
tissue engineering and in vitro models (Birch et al., 2015; Martins et al., 
2018; Michailidou et al., 2021; Neves et al., 2015; Rangel, 2015; Stan-
zione et al., 2020; Tentor et al., 2017), as well as drug delivery (Cheikh 
et al., 2019; Long et al., 2019; Neufeld & Bianco-Peled, 2017; Torpol 
et al., 2019). However, Ch-Pec composite hydrogels have never been 
employed in cancer research, although we witnessed some attempts in 
chitosan-based 3D culture systems: e.g. micromolded photocrosslinkable 
chitosan hydrogels for hepatoblasoma (Hep G2) and fibroblast cells 
(NIH-3 T3) co-culture spheroids (Fukuda et al., 2006), and chitosan-PEG 
thermo-responsive hydrogels for liver cancer and glioma spheroids 
(Chang et al., 2018; Liu et al., 2015). 

Chitosan and pectin powders, however, are often solubilized using 
acidic solutions and high temperatures (60 ◦C to 97 ◦C), conditions not 
compatible with cell culturing. Ch-Pec hydrogels are usually in the gel 
state at room temperature and in the liquid state at high temperature 
(Birch et al., 2015; Hiorth et al., 2005; Long et al., 2019; Martins et al., 
2018; Neufeld & Bianco-Peled, 2017; Shitrit et al., 2019; Tentor et al., 
2017; Torpol et al., 2019; Ventura & Bianco-Peled, 2015). In a recent 
study, a printable Ch-Pec hydrogel was developed by solubilizing the 
powder in acetic acid and reaching the temperature of 80 ◦C, to promote 
pectin solubilization and sol-gel transition at 50 ◦C (Michailidou et al., 
2021). In the present work, the Ch-Pec semi-IPN exploits the βGP- 
mediated gelation method of chitosan, incorporating pectin into the 
network at the same time. 

As extensively reported in literature(Chenite et al., 2001; Chenite 
et al., 2000; Supper et al., 2013; Zhou et al., 2015), the addition of βGP 
in an acidic chitosan solution will result in a neutral solution without 
chitosan fiber precipitation. The βGP/chitosan/water system is liquid at 
room temperature but starts the sol-gel transition when heated at 37 ◦C. 
In our work, we exploited the chitosan/βGP capacity to create a poly-
meric hydrogel network by increasing temperature to incorporate a 
second polymer, i.e. pectin. Thus, the system we proposed in our study 
comprises one network, chitosan/βGP physically “cross-linked” hydro-
gel, and one branched polymer, pectin, that are not covalently bonded to 
each other, but are at least partially interlaced on a molecular scale, 
originating a semi-IPN (Matricardi et al., 2013). This system proved to 

Fig. 7. Young modulus at different days of in vitro culture for the three hydrogel formulations (High, Medium, Low) at low (left) and high (right) strain range. The 
values are reported as mean ± standard deviation (n = 5). 
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be tunable and supported the in vitro culture of colorectal cancer 
spheroids. In order to modulate the physicochemical properties of the 
hydrogel, we varied the stiffness by modulating the concentration of 
final polymer in the gel; thus, we developed several formulations, which 
were subjected to physicochemical characterization. We selected three 
formulations with mechanical properties in the range of healthy colon 
tissue (Nebuloni et al., 2016). All the systems (High, Medium and Low) 
had a pH suitable for cell viability, were injectable at r.t., showing sol- 
gel transition at 37 ◦C and overcoming the limit of all reported studies 
on chitosan pectin systems in which high temperature and/or strong 
acidic conditions are used in the hydrogel preparation procedure, pro-
cedures not suitable for cell embedding. In terms of sol-gel transition, 
despite the viscosity of the system which reduced the fluidity at r.t. in 
the High and Medium formulations, incubation at 37 ◦C over time (from 
few minutes for small samples up to 2 h) was a necessary requirement for 
gelation to occur. The Low formulation, instead, showed a slower 
thermal gelation process (up to 6 h) probably because of the very low 
polymer concentration. 

The stability test conducted on the different hydrogel formulations 
+DMEM and − DMEM up to 6 weeks of incubation at 37 ◦C highlighted 
that the High sample − DMEM was the most stable while the Low one 
showed the highest degradation rate, dissolving completely after 2 

weeks in the absence of cells. Although a significant comparison be-
tween our degradation results and similar ones from literature cannot be 
performed because of the strong dissimilarity with other Ch-Pec systems, 
we can highlight that our High formulation is very stable (16% of weight 
loss in 1 week) and that the degradation rate and in vitro stability can be 
easily modulated varying the polymer concentration (Medium 42%, 
Low 63%). In another study (Bombaldi de Souza et al., 2020), the weight 
loss of Ch-Pec tubular scaffold was equal to 30.8% after 7 days of in-
cubation at 37 ◦C in PBS. This value falls in the range between our High 
and Medium formulation weight loss. 

In general, we found less degradation of the Ch-Pec matrices at 
different formulations in DMEM and this allowed us to conduct long- 
term culture. DMEM has a well-defined known composition and is a 
culture medium rich in ions, glucose, vitamins, proteins, amino acids 
and other nutrients that are essential for cell growth (Yao & Asayama, 
2017). Among the constituents, amino acids in particular are charac-
terized by the presence of an amine and carboxyl group and R group 
(side chain), which, based on their nature, allows them to be classified 
into polar, non-polar, aromatic and positively and negatively charged, 
depending on the pH of the solution (Lehninger et al., 2005). As reported 
in a recent paper by Yan and colleagues in 2019, amino acids can 
interact with different biomolecules in an aqueous solution by 

Fig. 8. Monitoring of HCT-116 spheroid growth in the Medium hydrogel formulation, compared to the Ch-only and Pec-only control samples (Scale bars: 200 μm).  
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hydrophilic and hydrophobic molecular interactions (Yan et al., 2019), 
generally leading to a more compact structure of the molecules dissolved 
in solution (Jamal et al., 2014). In our study, the reduced degradation 
kinetics of Medium and Low samples visually observed in DMEM, might 
be ascribed to the phenomenon just mentioned, allowing the matrices to 
become more stable in the presence of DMEM and support long-term 
cultures of CRC spheroids. This hypothesis should be better investi-
gated in the future. 

The swelling tests showed that, reaching the maximum swelling ratio 
(about 1500–2000%) within 10 min, the different composite hydrogels 
were able to swell faster and at a higher degree in comparison to other 
Ch-Pec systems reported in literature. In another study, Ch-Pec hydro-
gels, despite a rapid swelling (in about 15 min), reached a swelling ratio 
value of 370% (Birch et al., 2015), while another system showed a 
swelling value of 150–200% in about 1 h, thus significantly lower and in 
a longer time than our formulations (Bernabé et al., 2005). Other studies 
reported even longer times to reach maximum swelling (Michailidou 
et al., 2021; Neufeld & Bianco-Peled, 2017; Shitrit et al., 2019; Sigaeva 
et al., 2020). Swelling ratio values similar to our systems are rarely 
found in Ch-Pec hydrogels: e.g. a value of 2832% was reported, although 
the equilibrium was reached after 2 h (Long et al., 2019). In a recent 
study, Ch-Pec hydrogels showed a swelling ratio value over 800% and 
reached the equilibrium at day 10, when hydrolytic degradation began 

(Ghorbani et al., 2020). 
By optical investigation, we analyzed the hydrogel structure and 

noticed an open and highly interconnected pore structure in all the 
systems, similarly to Ch-Pec hydrogels with cellulose nanocrystals 
(Ghorbani et al., 2020). The High and Medium formulations presented a 
slightly higher pore size porous structure, compared to the Low 
formulation, probably because of the weak structure of Low samples that 
partially collapsed. However, from a careful statistical analysis of the 
results (Fig. S6), there are no significant differences among the different 
formulations and, therefore, the porosity was not affected by the per-
centage of final polymer used in our study, showing mean values in the 
range of 150–220 μm. This is lower than most Ch-Pec hydrogels (often 
higher than 350 μm) (Bombaldi de Souza et al., 2020; Tentor et al., 
2017), although lower values (from 15 μm to 110 μm) were observed in 
some Ch-Pec or Ch-only hydrogels (Birch et al., 2015; Boido et al., 
2019). Taking into account their swelling ability, with the High and 
Medium samples swelling less in the first 10 min and being more stable 
over time compared to the Low formulation, this is likely due to a tightly 
cross-linked structure and, therefore, to the presence of more compact 
pores. On the contrary, Low samples, visually showing a loose porous 
structure, had a higher swelling ratio % but degraded more quickly. 
However, we would like to point out that the freezing process might 
modify the hydrogel structure due to ice crystal solid state phase 

Fig. 9. Viability assessment of HTC 116 spheroids in Ch-Pec hydrogels. Live and Dead Assay test at different time points (blue: total cells; red: dead) (A); DAPI/Ph 
staining after 28 days of HCT 116 spheroid culture (blue: DAPI; red: Ph F-actin) at different magnification: 40× (B) and 10× (C). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 
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separation artifacts. Although an overestimation of the pore size might 
occur with this process, we believe that the observed porosity is related 
to the original hydrogel structure and the results should not be consid-
ered as “absolute” values but relative one each other. 

A hydrogel system developed for 3D cell culture systems must be 
permeable to the passage of small and medium-sized molecules as well 
as gases, e.g. nutrients and waste substances of cellular metabolism. Our 
tests, performed using FITC-labeled dextran (FD) at different MW as test 
molecule, showed a good hydrogel permeability, and an inverse pro-
portionality between the permeability and the concentration of final 
polymer. In previous studies on Ch-βGP thermo-responsive hydrogels 
(Boido et al., 2019), uptake kinetics were strongly affected by FD MW, 
showing that after 24 h of incubation 70% and 40% of FD4 and FD20, 
respectively, were absorbed. These data are far from our results: after 24 
h, FD4 was completely diffused into the hydrogel in all the formulations, 
while FD20 diffused for 83%, 91% and 113%, respectively in High, 
Medium and Low hydrogel formulations. Sahu and colleagues observed 
that the percentage of dextran passing through graphene oxide-Pluronic 
thermo-responsive gel was affected by the gel mechanical properties, 
and higher elastic modulus was associated with slower release of labeled 
dextran (Sahu et al., 2012). The release rate of FD70 reached a 
maximum of 40% after 24 h, while in our study it completely crossed the 
Medium and Low formulations and reached 80% in the High formula-
tion. This is likely due to the different hydrogel composition under 
evaluation. 

During different stages of organoid culture development, mechanical 
properties play a crucial role (Blondel & Lutolf, 2019). The fundamental 
processes of growth, differentiation, and expansion are, indeed, strongly 
affected by matrix stiffness, and there is currently large interest on the 
use of mechanically defined matrices (Liu et al., 2019). Precisely 
controlled matrices for 3D tumor cultures can lead to a greater under-
standing of the cancer cell phenotype, cell-ECM interaction, and 
response to drug treatment. For example, in a recent work by Domi-
nijanni and colleagues, collagen matrix remodeling, in the presence of a 
stromal component, influenced the malignant phenotype of tumor cells 
and their proliferative power. Specifically, an increase in the matrix 
mechanical properties (Young's modulus value from 10 kPa to 30 kPa) 
inhibited cell growth and reduced the response to chemotherapy 
(Dominijanni et al., 2020). Here, the compression test was used to 
evaluate the mechanical properties of hydrogels. We found a direct 
proportionality between hydrogel stiffness and polymer concentration, 
with relatively low Young's modulus (E) (1–4 kPa), in close agreement 
with the behavior and values reported for chitosan hydrogels (0.5–1.5 
kPa) (Shitrit et al., 2019) and Ch-Pec scaffolds (2 kPa) (Bombaldi de 
Souza et al., 2020), and comparable to those of the ECM of healthy 
biological tissues (0.1–1 kPa) (Wang et al., 2014). Furthermore, there 
were no significant differences between the − DMEM and +DMEM 
hydrogel, indicating that the amount of DMEM introduced into the 
system to deliver cells inside the system, is small enough to do not 
induce any change in the hydrogel mechanical properties. The values 
are in agreement with the Young's modulus values recorded for healthy 
colon tissue, between 2 and 5 kPa, in contrast to the stiffness of CRC 
tumor tissue, which instead reaches higher values, between 15 and 40 
kPa (Nebuloni et al., 2016). 

Compression tests were also performed to follow up the variation of 
the mechanical properties and, therefore, the degree of stiffness, as the 
spheroids grow into the hydrogels over time (up to 21 days). The results 
showed that the hydrogel stiffness at very low strain values (0–5%) 
increased for all the formulations in the first two weeks of culture, then 
decreased at the third week. The mechanical data suggest that in the first 
14 days the processes of spheroids formation and cell-mediated ECM 
synthesis are predominant on the hydrogel degradation process. At 21 
days, the trend reversed hinting that the Ch-Pec matrix started to 
degrade more significantly, as confirmed by the hydrogel weight loss 
data from the stability test. 

Once the different hydrogel formulations were tested in 3D cell 

culture studies, we observed an excellent ability to support the forma-
tion of spheroids and growth up to 44 days of culture, with the most 
concentrated formulation characterized by a high heterogeneity in 
spheroid size when compared to the intermediate and soft formulations. 
Generally speaking, we noted a high viability of HCT-116 cells up to day 
21 and appearance of the characteristic necrotic core at day 28. This 
appearance is a typical feature of 3D cancer models. Generally, sphe-
roidal systems present a spatially well-defined cellular organization, 
with an outer zone of proliferative cells, an intermediate region of 
quiescence and senescence, and an apoptotic cell zone in the core 
(Zanoni et al., 2020). 

Currently, no work related to the development of tumor spheroids in 
Ch-Pec-based hydrogels is reported in the literature, while other systems 
were employed for the formation of 3D colorectal cancer systems. The 
immortalized colon cancer cell line HCT-116 was used, for example, to 
form organoids of HCT-116 and hepatocytes in collagen I hydrogels and 
hyaluronic acid microcarriers, maintained in culture for 14 days 
(Devarasetty et al., 2017). The same cell line was used in PEG diacrylate, 
gelatin, and hyaluronic acid hydrogels to develop colorectal organoids, 
maintained for 14 days (Forsythe et al., 2020). From the Live and Dead 
test, no appearance of necrotic core was observed at day 14 of culture, in 
agreement with our system. An injectable hyaluronic acid-cyclodextrins 
hydrogel was able to support the formation of HCT-116 spheroids and 
their growth for up to 21 days, reaching a diameter of 342 μm (Fiorica 
et al., 2020). HCT-116 spheroids were also formed without the use of 
hydrogels, but employing ultra-low attachment cell plates (Tchoryk 
et al., 2019). The spheroids were maintained in culture for 14 days, 
reaching a diameter of approximately 430 μm, in contrast to the diam-
eter range of 200–250 μm found in our study. Recently, a hydrogel based 
on methylcellulose and hyaluronic acid facilitated the formation of HCT- 
116 spheroids, with a maximum spheroid growth of 320 μm at 7 days of 
culture (Mahboubian et al., 2020). These findings are comparable with 
our results, particularly with the High formulation, in which an expo-
nential growth of spheroids was observed up to day 30 of culture, with 
sizes from day 10 to day 21 being 83 μm and 219 μm, respectively. In 
agreement with this study, we observed the formation of spheroidal 
aggregates at 7 days, but the authors noticed the appearance of a 
necrotic core already at day 7 of culture. In our formulations, the 
necrotic core appeared only from day 28 of culture, demonstrating that 
our hydrogels presented a structure with a certain combination of 
stiffness, permeability and porosity, which allows the transport of oxy-
gen and nutrients up to the center of the spheroid for longer culture 
times. 

Although our findings confirm the suitability of these thermo- 
responsive composite hydrogels for the development of 3D CRC in 
vitro models, the present study has some limitations. First, a simplified, 
monoculture-derived model has been proposed, while highly 
pathologically-relevant tumor tissue models should involve several cell 
types in order to mimic, among the others, relevant phenomena, such as 
immunological responses and vascularization. Future investigations 
have been planned to increase the complexity of our system, by focusing 
on co-culture studies (HCT-116 cells with cancer associated fibroblasts 
and mast cells). Second, an in-depth analysis of the relationship between 
the hydrogel stiffness and tumor spheroid development could also 
consider the intracellular pathway related to mechanotransduction, e.g. 
by assessing the Hippo pathway effectors (YAP/TAZ). This would shed 
the light towards a better understanding of tumor spheroid formation in 
vitro. 

5. Conclusions 

To summarize, in this work a thermo-responsive composite hydrogel 
was developed, characterized by the optimal combination of two natural 
polymers such as chitosan and pectin, able to interconnect homoge-
neously and generate a semi-IPN, supporting the formation of large 
spheroids of CRC cells for up to 44 days of culture. Furthermore, the 
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system showed tunable mechanical properties, with Young's modulus 
values comparable to ECM stiffness of biological tissues. The developed 
hydrogel formulations showed a variable degree of stiffness in relation 
to the different concentration of total final polymer used and, in turn, 
they led to different growth behaviors of colorectal spheroids, in terms 
of density and dimensions. These thermo-responsive hybrid hydrogels 
will be helpful in the standardization of in vitro culture of 3D tumor 
models for patient-specific studies of drug-response and tumor 
progression. 

Additional experimental section; additional figures and videos 
regarding pH measurement, injectability and inversion tube test, 
morphological analysis, permeability test, cell encapsulation studies and 
mechanical characterization. Supplementary data to this article can be 
found online at https://doi.org/10.1016/j.carbpol.2021.118633. 
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