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Abstract 

The dynamic interplay between extracellular matrix (ECM), its 3D architecture and resident cells 

plays a pivotal role in cell behavior influencing essential processes like proliferation, migration, and 

differentiation. Matrix-based 3D culture systems have emerged as valuable tools to model organ and 

tissue interactions in vitro. A 3D matrix analog must possess high biocompatibility and fully 

reproduce the characteristics of the native tissue in terms of mechanical properties. In this regard, 

interpenetrating polymer networks (IPNs) are particularly attractive because of the high tunability of 

their physicochemical properties. In this study, a chitosan (Ch) and modified gelatin (GelMA) IPN 

with a sol-gel transition triggered by two external physical stimuli, UV light and temperature, was 

designed to mimic the muscle tissue ECM in terms of mechanical stiffness. The system was deeply 

characterized demonstrating to support not only the growth and viability of muscle cells embedded 

within the hydrogel, but also cell differentiation toward muscle phenotype. 

1. Introduction 

The use of two-dimensional (2D) culture systems in research dates back to 1900, allowing for 

significant advancements in understanding physiological and pathological mechanisms witnessed in 

vivo[1]. They have provided valuable insights for understanding which mechanisms arise in certain 

pathological processes, studying the kinetics and targeting of new drugs, and evaluating cell 

metabolism[2]. However, despite their importance, 2D cell cultures present many limitations, such as 

limited morphology, lack of three-dimensional cell interaction, unsuitable cell differentiation and lack 

of flow and drainage of nutrients and wastes[3] [4]. Among the above-highlighted drawbacks, a 

critical aspect is certainly represented by the lack of the three-dimensionality (3D) that all biological 

tissues present in vivo. Indeed, because of the absence of a 3D spatial organization, 2D in vitro models 

are not able to faithfully reproduce the native environment in which cells are immersed[5], [6], that 
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has been recognized fundamental for guiding cell fate and behavior[3]. The importance of the 

extracellular matrix (ECM) in vivo and ECM-cells crosstalk is nowadays evident and widely 

documented. ECM, in fact, plays a pivotal role on cell behavior in terms of adhesion[7], 

proliferation[8], migration[9], differentiation and cell death[10], providing cells with continuous 

peculiar stimuli and specific signals both in physiological and pathological processes[5], [11], [12], 

[13]. In this regard, it has been observed that ECM continuously remodels and, in many complex 

pathologies this remodeling process is disrupted causing the ECM breakdown especially in terms of 

rigidity[12]. Indeed, the stiffness of the microenvironment in which cells live is a key factor 

influencing cell life and homeostasis[14], [15]. Cells within a tissue are sensitive to mechanical stimuli 

arising from the surrounding environment and react by activating intracellular pathways related to 

mechanotrasduction[16], [17]. Notably, increased ECM stiffness is associated with the translocation 

of the transcriptional regulators YAP (protein associated with Yes) and TAZ (PTZ binding motif) 

into the cell nucleus, leading to changes in chromatin levels and promoting cell proliferation, gene 

transcription and glycolysis[18], [19]. Conversely, a reduction in matrix stiffness lowers glycolysis. 

Therefore, to reproduce a physiological environment or to study a pathological process, the stiffness 

of the environment surrounding the cells must be accurately reproduced [20], [21]. Among the 

biomaterials commonly used in 3D culture systems, hydrogels exhibit significant similarities to the 

physiological ECM[22]. These hydrophilic polymeric networks not only mimic the mechanical and 

structural properties of the ECM, but also offer easy modulation of stiffness, allowing the creation of 

3D microenvironments resembling various tissues[23], [24]. Hydrogels stiffness can be modulated by 

tuning parameters such as gelling agent/crosslinker concentration, oxidation of the cysteines present 

in the side chains of the polymeric skeleton, or by introducing hydrophobic amino acids[25], [26]. An 

innovative strategy to modulate hydrogel chemical-physical properties is represented by the so-called 

inter penetrating network polymers (IPN). Hydrogels used for 3D culture systems can be composed 

by one or more polymers, generating in the latter case either co-polymeric hydrogels or IPNs. An IPN 

is a polymeric system comprising two or more networks, which are at least partially interlaced on a 

molecular scale but not covalently bonded to each other and cannot be separated unless chemical 

bonds are broken. IPNs offer the great advantage, by combining the properties of the starting 

polymers, of generating a system with new, highly modulable properties, distinct from those of the 

original single polymers[27], [28], [29].  

In this regard, 3D in vitro models of muscle tissue are fundamental to study muscle physiopathology 

in a highly representative environment and can help to deeper understand the cellular and molecular 

mechanisms involved in muscle contraction, formation and recovery, and the influence of drugs or 

toxins on muscle cells. Furthermore, 3D in vitro muscle models can be used to study specific muscle 
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diseases, such as muscular dystrophy and other genetic and acquired pathologies, allowing to analyze 

the cellular and molecular alterations associated with these diseases and to develop new therapeutic 

strategies[30]. From a mechanical point of view, muscle tissue, can be defined as a complex system 

in which forces propagated both in axial and lateral direction[31]. Experimental analyses have 

revealed that the transverse Young's modulus of the striated muscle is 24.7±3.5 kPa[32]. Furthermore, 

during the physiological processes of cell differentiation that are the basis of tissue homeostasis, 

muscle fibers undergo remodeling, resulting in increased stiffness[33], [34]. To create an accurate 

hydrogel-based in vitro model of muscle tissue, it is therefore crucial to precisely tune the mechanical 

properties of the system to match the target tissue. In this regard, interpenetrating polymer networks 

(IPNs) offer an excellent solution. In the present work, we developed an ad hoc and innovative IPN 

hydrogel composed of chitosan and methacrylate gelatin (GelMA) that is dual sensitive, i.e., able to 

perform the transition from solution to gel through thermal (37°C) and light (UV) stimulation. As it 

has been extensively reported in literature[35], [36], [37], [38], [39], [40], [41], chitosan solutions, in 

the presence of β-Glycerophosphate (βGP), remain liquid at room temperature, even at neutral pH, 

and are thermally sensitive, reaching the solid state (hydrogel) at body temperature. βGP plays three 

important roles in such a system: it (i) increases pH to the physiological range of 7.0-7.4, (ii) prevents 

the abrupt precipitation of chitosan fibers, and (iii) controls gel formation as temperature increases. 

The molecular mechanism of gelation includes several interactions between chitosan, βGP and water: 

1) an increase in interchain hydrogen bonds as a consequence of the reduction of electrostatic 

repulsion due to the basic action of the salt, 2) a chitosan-βGP electrostatic attraction between the 

ammonium groups and the phosphate groups, respectively; 3) hydrophobic chitosan-chitosan 

interactions. Conversely, hydrogels based on methacrylamide-modified gelatin (GelMA), can form 

chemically stable materials through UV irradiation in the presence of water-soluble photoinitiators 

[41]. The photo-crosslinking results in the formation of a chemical network of modified gelatin. Here 

we explored the opportunity to prepare a mixed solution containing both gelatin, chitosan and their 

respective crosslinking promoters (i.e. salts and photoinitiator) and exploit two stimuli, UV and 

temperature) to create an IPN hydrogel stiffer than the two single counterparts. The proposed 

hydrogel system was extensively characterized to evaluate its ability to reproduce the mechanical 

properties of the muscle tissue and support the growth and differentiation of muscle cells embedded 

within it, towards a faithful 3D in vitro model of muscle tissue.  
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2. Materials and methods 

2.1 Materials 

Low molecular weight chitosan (degree of deacetylation 75–85%, MW 50.000–190.000 Da, 

#448869), beta-glycerophosphate pentahydrate salt powder (GP, MW 306.11 g mol−1, #35675), 

phosphate buffer (PB), sodium hydrogen carbonate (SHC, MW 84.007 g mol−1, #401676), 

hydrochloric acid (HCl), gelatin from bovine skin (type B, #9000-70-8), methacrylic anhydride (MW: 

154.16 g / mol, # 276685), Irgacure 2959 photoinitiator (MW: 224.25, #410896), dextran molecules 

labelled with fluorescein isothiocyanate, i.e., 20k Da (#FD20) and 70kDa (#FD70), primary anti-

myosin, secondary antibody, goat anti-mouse IgG (H+ L) conjugated with Alexa Fluor 555 and 

phalloidin–FITC were purchased from Sigma Aldrich (Milan, Italy). Spectro/Por molecular porous 

membrane tubes (MWCO 12-14.000,#08-801-244) were purchased from Fisher Scientific. 

Immortalized murine C2C12 muscle cells (#CRL-1772) were purchased from ATCC, mouse motor 

neuron-like hybrid cell line cells (NSC-34, #CLU140-A) from tedubio (Magenta, Italy). Dulbecco's 

Modified Eagle Medium (DMEM), glutamine, FBS, penicillin streptomycin were purchased from 

Corning (Amsterdam, Netherlands). Live and Dead ReadyProbes tests, Blue/Red assays were 

purchased from Thermo Fisher Scientific (Rodano, Italy). 

2.2 Preparation of chitosan-based thermo-sensitive hydrogel 

The Ch+βGP+SHC hydrogel was prepared following the protocol previously described [42]. The 

polymer solution was stored at 4°C. For the preparation of the hydrogel, the gelling solution (#1GA) 

was prepared starting from a 0.5M βGP solution obtained by dissolving βGP in Milli-Q water and a 

solution of SHC 0.125M obtained by dissolving SHC powder in Milli-Q water. The Ch+βGP+SHC 

hydrogel was prepared by cold mixing the Ch solution with the #1GA solution with a ratio of 3:2 

(v/v)[41]. The #1GA solution was added drop by drop to the Ch solution and mixed manually with a 

spatula until a homogeneous solution was obtained. After mixing, the hydrogel was placed in a plastic 

mold at 37°C for 2h in order to make the sol-gel transition. 

2.3 Preparation of the gelatin-based photo-sensitive hydrogel (GelMA)  

Before obtaining a hydrogel, gelatin was methacrylated in order to make the polymer photo-sensitive 

responsive in the presence of a photoinitiator, following a literature protocol described by Van Den 

Bulcke et al.[43]. 10 g of gelatin was added to 100 mL of PBS. Gelatin was kept under stirring at 

60°C until completely dissolved. Afterwards, 8 mL of methacrylic anhydride was added very slowly, 

dropwise, and the resulting emulsion was left under stirring at 60°C for 3h. Next, 400 mL of preheated 

PBS were added to the emulsion and the resulting solution was kept at 40-50°C for 15 minutes. The 
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GelMA solution was then dialyzed against water for 8 days. At the end of the dialysis, the GelMA 

solution was transferred to a 50 mL falcon tube, frozen at -80°C for at least 2 days, and lyophilized. 

The GelMA hydrogel was prepared by dissolving 50 mg (0.5% w/v) of Irgacure 2959 in 10 mL of 

PBS at 80°C and, once the photoinitiator was completely dissolved, 1 g of GelMA was added to 

obtain a 10% (w/v) GelMA solution. The solution of GelMA and photoinitiator was placed inside a 

PDMS mold adherent to a microscope glass slide and irradiated with UV light for 4 minutes 

(wavelength= 365 nm, 0.18 W/cm2) to induce the photo-polymerization process. 

2.4 Preparation of the Ch-GelMA photo/thermo-sensitive hydrogel 

The photo/thermo-sensitive Ch-GelMA hydrogel was prepared by mixing a 3.33% (wt/v) Ch polymer 

solution in 0.1M HCl with a #2GA solution, composed of four components (namely GelMA, βGP, 

SHC and Irgacure 2959) dissolved in milliQ water, at a ratio of 3:2 (v/v) manually, by adding the 

#2GA solution to the Ch solution until a slightly viscous and completely homogeneous solution was 

obtained. The Ch solution was prepared as previously described[41]. The #2GA solution was 

prepared by dissolving the Irgacure 29959 powder at 1.25% (w/v) in milliQ water, slowly increasing 

the temperature to 80°C until complete dissolution. Once clear, 25% (w/v) GelMA powder was added 

to the Irgacure 2959 solution, lowering the temperature to 40°C to avoid modifications of the polymer. 

βGP and SHC powder were then added in order to obtain a solution at the final concentration of 

0.75M and 0.375M for βGP and SHC, respectively. The #2GA solution was stirred at r.t. until 

complete dissolution of the components.  

2.5 Evaluation of pH and gelation test 

The pH of solutions and hydrogels was measured before and after mixing by means of a pH-meter 

(SevenCompact S210, Mettler Toledo, Columbus, OH US) and pH indicator test strips, respectively. 

To evaluate the hydrogel gelation induced by the double stimulation, i.e., light and temperature, the 

ability of the prepared mix to slide along the walls of a vial was evaluated in the absence of stimulation 

and after light and temperature exposure (4 min of UV lamp and 10 minutes at 37°C)[44].  

2.6 Stability test 

The stability test was carried out on n=3 samples per type of hydrogel (Ch-GelMA, Ch+βGP+SHC 

and GelMA). Samples were weighed immediately after polymerization, time t=0, and placed in PBS 

at 37°C in an incubator. The samples were then weighed at certain timepoints (1, 2, 4, 24, 48 hours 

and 7, 14, 21 days) in order to evaluate the degradation kinetics in a hydrolytic environment. The 

percentage weight loss, WL (%), over time was calculated applying the equation (1): 

WL (%) = (W0 – Wi)/(W0) * 100 (1) 

Jo
urn

al 
Pre-

pro
of



where WL (%) represents the weight loss as a percentage, W0 indicates the weight of the sample at 

t=0, while Wi indicates the weight of the sample at the selected timepoints. 

2.7 Swelling test 

The swelling test was performed on n=3 samples per type of hydrogel (Ch-GelMA, Ch+βGP+SHC 

and GelMA) by weighing the samples previously freeze-dried (dry state, t=0) and then at pre-

established timepoints after incubation in oven at 37°C in PBS (5, 10, 15, 30, 60, 90 and 120 minutes) 

in order to evaluate the degree of swelling (SR%) applying equation (2): 

SR (%) = [(Wwet - Wdry)/Wdry] * 100 (2) 

where SR (%) represents the degree of swelling as a percentage, Wdry indicates the weight of the dry 

sample immediately after freeze-drying, Wwet indicates the weight of the samples after hydration at a 

certain timepoint. 

2.8 Diffusion test 

To guarantee the nutrient supply to the cells encapsulated within the hydrogels, their permeability to 

the passage of model molecules was evaluated by means of a diffusion assay. More in detail, two 

different dextran molecules labelled with fluorescein isothiocyanate, i.e., 20k Da (FD20) and 70kDa 

(FD70), were used. For each type of hydrogel n=3 samples were prepared. 500 µL of hydrogel were 

injected in a vial with a diameter of 15 mm, and hydrogels were polymerized according to their 

specific responsiveness. 1 mL of FD20 or FD70 solution, at a concentration of 1 mg/mL in PBS, was 

added above each disk of hydrogel in the vials[45]. The samples were incubated at 37°C and, at 

different timepoints (0, 1, 6, 24 hours), 200 µL of supernatant were collected and the absorbance at 

490 nm was read using the Plate Reader Clario Star (BMG Labtech) in order to evaluate the residual 

concentration present in the supernatant, which represents an indirect indication of the dextran 

amount diffused in the hydrogel. 

2.9 Rheological test 

The rheological properties of Ch-GelMA, Ch+βGP+SHC and GelMA solutions, prior to impose the 

external stimuli, temperature and/or UV light irradiation, were assessed by using a rheometer (Physica 

MCR 301, Anton Paar). Shear rate sweeps at two different temperatures, 20 and 37°C, were 

conducted by using a Peltier plate stage and a 25 mm parallel plate geometry. About 200 μL of each 

solution (in the case of GelMA, the solution was pre-heated up to 40°C to be injectable) were 

deposited onto the stage, a gap distance of 300 μm was set and the samples were left to equilibrate at 
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the set temperature for 10 min. Shear rate sweeps were performed in the range of 1−100 s−1. The test 

was performed in duplicate for each hydrogel solution. 

2.10 Compression test 

The stiffness of the three hydrogel formulations was investigated by means of compression tests 

carried out on the completely polymerized hydrogels and after their full hydration in PBS at r.t. (about 

30 minutes, according to swelling test results). The test was performed using a universal testing 

machine (ZwickiLine 1kN, Zwick Roell) with a 10N load cell in displacement control, with a 

displacement speed of 2 mm/min and up to 75% deformation. Young's modulus was calculated for 

each sample as the slope of the initial linear part of the stress-strain curve (0-5%). The test was 

performed in triplicate for each hydrogel formulation. 

2.11 Fourier transform IR spectroscopy (FTIR) 

FTIR analysis was performed in order to evaluate the interactions that occur in the hydrogels between 

their components. The freeze-dried hydrogels of Ch+βGP+SHC, GelMA and their mix Ch-GelMA 

were crushed into powder and mixed with KBr (1:100, w/w). The IR spectral data were obtained 

using a FT/IR-6300 type A spectrophotometer (JASCO Inc) in the wavenumber range 4000–

400 cm−1 at a resolution of 4 cm−1 with scan speed of 2 mm/sec.  

2.12 Scanning electron microscope (SEM) analysis 

The porosity of the samples was studied by observing the samples by scanning electronic microscopy 

(SEM EVO 40, Carl Zeiss AG). Once polymerized, the hydrogels were frozen and lyophilized and 

then longitudinal and transversal sample sections were obtained. Before being observed, the samples 

were sputtered by means of a gold coating with a thickness of 10 nm (CCU-010 HV, Safematic 

GmbH). Images at different magnifications were acquired with an accelerating voltage of 5 kV and 

analyzed with ImageJ software (v. 1.8.0_172) for the evaluation of the pores. Briefly, 6 sample 

sections (3 of longitudinal plus 3 transversal ones, as representative of the entire macrostructure) for 

each hydrogel formulation were imaged and 25 pores were measured for each image. GraphPad Prism 

software (v. 8.4.2) was employed to perform statistical analysis, using one-way ANOVA analysis 

(the values were considered significant with p < 0.05). 

2.13 Cell culture and cell encapsulation in hydrogels 

All the hydrogels were tested with immortalized murine C2C12 muscle cells and mouse motor 

neuron-like hybrid cell line cells (NSC-34). Cells were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) complemented with 2 mM glutamine, 10% FBS, 100 U/mL penicillin and 100 
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g/mL streptomycin and incubated at 37°C in the presence of 5% CO2. For the encapsulation of C2C12 

and NSC34 cells within the hydrogels, a cell density of 6x106 and 2x106 were chosen, respectively. 

Cells were encapsulated in the hydrogels in the sol phase and then polymerized by means of: (i) 10 

minutes at 37°C for the Ch+βGP+SHC hydrogels, (ii) 4 minutes of UV exposure for GelMA 

hydrogels, (iii) both 4 minutes of UV exposure and 10 minutes at 37°C for Ch-GelMA hydrogels. 

2.14 Live and dead assay 

The viability of C2C12 and NSC34 cells in the hydrogels was evaluated using the Live and Dead 

ReadyProbes test, Blue/Red. The assay was performed on 100 µL of the three hydrogels, loaded with 

the two different cell types, at three different timepoints: 1, 3 and 7 days. The assay was performed 

by preparing a stock solution consisting of 2 drops of NucBlue live reagent and 2 drops of propidium 

iodide per mL of culture medium. The samples were then incubated for 1 hour and protected from 

light in the incubator. At the end of the incubation the samples were washed in PBS and visualized 

by fluorescence microscopy (Axio Zoom.V16, Zeiss), exciting at 360 nm for the visualization of the 

NucBlue® Live reagent (live cells) and at 535 nm for propidium iodide (dead cells). 

2.15 Differentiation of C2C12 cells 

C2C12 cells were encapsulated in the three different hydrogel formulations and maintained in culture 

in proliferative medium for 4 days. On day 4, the medium was replaced with differentiation medium 

complemented with 2% horse serum. Differentiation was induced for 7 days. Afterwards, cells were 

fixed and subjected to immunofluorescence. 

2.16 Immunofluorescence staining 

C2C12 cells differentiated in the hydrogels were analyzed by immunofluorescence microscopy. 

Samples were fixed in 4% PFA in PBS for 20 min, permeabilized with Triton X-100 in PBS, 

incubated with 1% BSA in PBS for 1 h and then with the primary anti-myosin in 1% BSA in PBS 

(1:1000 v/v) overnight at 4°C. Afterwards, the samples were incubated with a secondary antibody, 

goat anti-mouse IgG (H+ L) conjugated with Alexa Fluor 555, in 1% BSA in PBS (1:1000 v/v) for 1 

h, stained with phalloidin–FITC in PBS (1:400 v/v) and incubated with DAPI solution in PBS 

(1:10000 v/v). The images were acquired by confocal microscopy (Zeiss LSM700). 

3. Results  

3.1 Gelation test and pH measurement 

A hydrogel system based on chitosan and methacrylate gelatin was developed in order to obtain an 

IPN sensitive to both temperature and UV light. By preliminarily fine-tuning the ratio between the 
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two polymers, Ch and GelMA, and the components of the gelling agent solution (#2GA), it was 

possible to obtain a homogeneous and slightly viscous solution immediately after mixing (Fig.1A). 

The solution, after being placed in a PDMS mold, was UV-exposed for 4 minutes and 10 minutes at 

37°C. The applied double stimulation led to a compact and homogeneous hydrogel. The thermo-

sensitive Ch+βGP+SHC hydrogel showed to perform the sol-gel transition when placed at 37°C (after 

mixing), as reported previously[42]. The GelMA-based hydrogel correctly carried out the sol-gel 

transition when exposed to UV light for 4 minutes. The pH of the polymeric solutions and of the 

gelling solutions was measured before and after mixing (Table 1). The solution resulting from mixing 

the components of the Ch-GelMA hydrogel displayed a physiological pH suitable for cell 

encapsulation. 

 

Table 1: pH values and concentration (wt/v) of gelling agent, chitosan, GelMA and Ch-GelMA 

hydrogel solutions. 

Samples 
Initial 

concentration 
Initial pH 

Final concentration in 

hydrogel 
Final pH 

GelMA solution 25% 8.6 10% - 

βGP solution 0.75 M 8.6 0.2 M - 

SHC solution 0.375 M 8.5 0.05 M - 

Ch solution 3% 5.5 2% - 

Ch-GelMA 

hydrogel 
- - - 7 

 

3.2 Stability test 

The stability test allowed to evaluate the degradation profile of the hydrogel in a hydrolytic 

environment by measuring the weight loss over time (Fig.1B). All the hydrogel formulations showed 

high stability up to 7 days, with a weight loss percentage between 10%, for Ch-GelMA and GelMA, 

and 20%, for Ch+βGP+SHC. After 7 days the stability behavior of hydrogels started to differ: the 

WL (%) of Ch+BGP+SHC and GelMA samples showed an almost constant linear increase up to day 

20, while the Ch-GelMA samples showed a superior stability over time (integrity up to 25 days). In 

particular, the results showed a weight loss of about 33 ± 6% at day 24 for the Ch-GelMA hydrogels, 

significantly lower than GelMA and Ch+βGP+SHC samples that showed a weight loss of 50 ± 7% 

and 40 ± 6.26% at day 19 for the two hydrogels, respectively.  
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3.3 Swelling test 

The swelling test was performed by monitoring the weight increase of the samples in PBS. All types 

of hydrogels showed a similar swelling behavior typical of hydrogels, reaching a maximum swelling 

value in the first hour of monitoring (Fig.1B). In particular, after 1 hour, Ch-GelMA samples showed 

a maximum weight gain value of 617 ± 22%, while GelMA and Ch+BGP+SHC samples of 512 ± 

27% and 598 ± 16%, respectively.  

3.4 Diffusion test 

The evaluation of the diffusion of nutrients across the hydrogels, fundamental for cell survival, was 

studied using dextran labelled with FITC at different molecular weights (20kDa and 70kDa). The 

results reported in Figure 1B show that, at 24h of incubation, the Ch-GelMA hydrogels allowed the 

passage of 84% of FD20 and 51% of FD70 molecules, while the GelMA and Ch+βGP+SHC samples 

allowed the diffusion of 72% and 68% of FD20, and 41% and 30% of FD70, respectively.  

 

Figure 1. A) Visualization of the sol-gel transition: pictures of Ch-GelMA hydrogel before and after the double 

thermal and light stimulation. B) Evaluation of the degradability (top) and swelling (bottom) profiles of the 

three hydrogels. C) Evaluation of the permeability of the three hydrogel formulations (Ch, GelMA and Ch-

GelMA) to the passage of molecules with different sizes (FD20 and FD70). 

3.5 Rheological test 

The rheological properties of the hydrogel solutions were investigated by shear rate sweeps at two 

different temperature, 20 and 37°C, in the range 1−100 s−1. At 20°C all the solutions resulted quite 

viscous and showed a shear-thinning behavior, characterized by a decrease in the shear stress as the 
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shear rate increases (Fig.2A). Ch-GelMA solution at 20°C presented the highest viscosity with respect 

to the other solutions, according to the temperature-sensitive behavior of gelatin, i.e., liquid at 

temperature higher than 30°C and solid at temperature lower than 30°C, and also because of the 

higher total polymer content, i.e., chitosan plus GelMA. The less viscous solution was, as expected, 

the Ch+βGP+SHC, that is temperature sensitive in an opposite way with respect to gelatin polymer. 

At 37°C, the GelMA solution viscosity drastically decreased, while the other hydrogel solutions 

maintained a shear-thinning behavior with a decrease in the viscosity values for the Ch-GelMA, due 

to the temperature-sensitive nature of the GelMA component (Fig.2B). Overall, the rheological results 

confirmed that GelMA solution is strongly temperature sensitive, being very viscous at r.t. and 

becoming almost Newtonian as the temperature increases to 37°C. The novel IPN here proposed, 

instead, showed an interesting shear-thinning behavior also at 37°C despite the high GelMA content, 

because of the presence of chitosan and salt solutions that start the sol-gel transition at 37°C. 

 

Figure 2. Rheological properties of Ch-GelMA, Ch+βGP+SHC and GelMA solutions prior to temperature and 

UV light exposure. A) Shear strain sweep tests performed at 20°C. B) Shear strain sweep tests performed at 

37°C. 

 

3.6 Compression test 

Compression test was carried out to determine the stiffness of the three hydrogel formulations. The 

results showed that for all the samples the stiffness increased as the strain increased, showing the 

typical compressive stress-strain behavior of hydrogel materials (Fig.3A,B). The Young’s modulus 

for Ch-GelMA, Ch+βGP+SHC and GelMA, resulted equal, respectively, to 21.444.56, 6.822.18 

and 2.760.27 Kpa (Fig.3C). GelMA hydrogels showed a very low compressive stiffness according 

to literature data[46]. The novel Ch-GelMA photo/thermo-sensitive IPN showed a significantly higher 
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stiffness than both GelMA and Ch+βGP+SHC, reaching the target value for muscle tissue (20-

25kPa).  

 

Figure 3. A, B) Compressive stress-strain curves of the three hydrogel formulations (Ch-GelMA, 

Ch+βGP+SHC and GelMA). C) Young modulus calculated as the slope of the stress-strain curve in the initial 

linear part (0-5%). 

 

3.7 Fourier transform IR spectroscopy (FTIR) 

In Figure 4, FTIR spectra of Ch+βGP+SHC, GelMA and Ch-GelMA formulations are reported. All 

spectra exhibited a strong and broad non-symmetric band in the range of wavenumber 3000-3700 cm-

1 that results from overlapping of O-H and N-H stretching vibrations of functional groups engaged in 

hydrogen bonds. In the Ch+βGP+SHC spectrum, the characteristic absorption bands of chitosan were 

found[47]: C-H stretching at 2920–2878 cm−1, amide I (carbonyl, C-O) stretching at 1642 cm−1, 

deformation of the primary amino group (NH2) at 1554 cm−1 overlapping that of lower intensity of 

amide II (N-H) at 1556 cm−1. Moreover, the presence of the gelling agents, βGP and SHC, is shown 

respectively from the two intense bands for the phosphate groups at 1100-920 cm-1, and other two 

bands at 1468 and 1358 cm-1 for carbonate groups[48]. However, the bands corresponding to SHC 

had negligible intensity, perhaps due to the decomposition of SHC after mixing with the acidic 

chitosan solution[44]. FTIR spectrum of GelMA formulation showed the characteristic bands of 

amide I, amide II and amide III at 1652 cm-1, 1540 cm-1, and 1238 cm-1, respectively; the specific 

vibrations in the spectra at 3070 cm-1 confirmed the presence of peptide bonds (mainly N-H 

stretching)[46]. Ch-GelMA spectrum was very similar to pure GelMA due to the higher amount of 

GelMA in the final hydrogel with respect to the Ch content. Nevertheless, the specific chemical 

groups of both GelMA and Ch+βGP+SHC are observed and no additional characteristic absorption 

peaks or significant shifts in major peaks are identified, indicating the good blending of GelMA and 

Chitosan in the IPN system.  
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Figure 4. FTIR spectra of the comparison between hydrogels from single components (Ch, GelMA) and their 

mix (Ch-GelMA). 

 

3.8 Scanning electron microscope (SEM) analysis 

SEM analysis of the longitudinal sections allowed to investigate the microstructure of the Ch-GelMA 

hydrogel after double crosslinking (UV+temperature). The SEM images (Fig.5A-C) show an open 

porous structure of the hydrogel, very similar to the Ch+βGP+SHC and GelMA structure. The image 

analysis for Ch-GelMA revealed a pore size in the range 85.3 ± 33.2 µm, size slightly lower than the 

two hydrogels used as control, Ch+βGP+SHC and GelMA, that showed a pore size of 92.7 ± 21.2 

µm and 101.7±11.9 µm, respectively.  

 

Figure 5. A-C) SEM images of longitudinal sections of the three hydrogel formulations (Ch-GelMA, GelMA 

and Ch). 
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3.9 Live and dead assay 

To evaluate the effects of hydrogel stiffness on cell viability, C2C12 cells were encapsulated in the 

photo/thermo-sensitive Ch-GelMA IPN hydrogel as well as in the GelMA and Ch+βGP+SHC 

hydrogels used as control (Fig.6). As further control, also NSC34 cells, a neuron-like cell line[42], 

were encapsulated in the same materials to check the influence of the environment stiffness also on a 

cell line with a different phenotype. C2C12 cells showed excellent viability in the Ch-GelMA system, 

up to day 7, while NSC34 cells showed a high mortality, with the presence of many red spots (dead 

cells) on day 7, demonstrating to suffer being embedded in a microenvironment stiffer than their 

natural one. On the other hand, NSC34 cells showed optimal viability both in the thermo-sensitive 

Ch+βGP+SHC and photo-sensitive GelMA hydrogels, which have stiffness values in the range of 

nervous tissues. The viability values were also optimal up to day 7 for C2C12 cells in the 

Ch+βGP+SHC and GelMA samples. 

 

 

Figure 6. Live/Dead assay: viability analysis of C2C12 and NSC34 encapsulated cells in all the three hydrogel 

formulations up to day 7 of cell culture. Blue spots refer to living cells, red spots to dead cells. 

 

3.10 Differentiation of C2C12 cells in hydrogel 

C2C12 cells were encapsulated and induced to differentiate for 7 days. A parallel experiment was 

conducted, seeding cells in 2D culture plate as a control. Additionally, samples of cell-laden 

hydrogels were kept in proliferative medium, as further control. After seven days, the samples were 

immunostained and analyzed by confocal microscopy (Fig.7). The cells encapsulated in Ch-GelMA 
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IPN exhibited an elongated morphology and cellular fusion, typical of myocyte formation, confirming 

the strong ability of the IPN hydrogel to support cell viability and also demonstrating its suitability 

to mimic faithfully the microenvironment for their differentiation toward muscle tissue. On the other 

hand, cells encapsulated in the control formulations, i.e. Ch+βGP+SHC and GelMA hydrogels, 

despite an elongated morphology, did not show the formation of myocytes. Cells cultured in 2D 

culture plate, instead, showed appropriate morphology and cell fusion. Furthermore, cells 

encapsulated in different hydrogel formulations but not exposed to differentiation medium showed 

an elongated morphology but no cell fusion, confirming the importance of using differentiating 

medium for proper cell differentiation.  

 

 

Figure 7. Fluorescent images of C2C12 cells encapsulated in all the types of hydrogels and cultured in either 

differentiation or non-differentiation media: nuclei, actin and MyoD are stained in blue, green and red, 

respectively. Cells were also cultured in 2D plastic plates as a control. Scale bars: 100 µm. 

 

4. Discussion 

In vivo, muscle tissue cells are continuously subjected to mechanical stimulation, essential for 

physiological function and cellular molecular mechanisms[31]. For this reason, in the development 

of 3D in vitro models that reproduce muscle tissues, it is vital to consider the mechanical properties 

of the target tissue to reproduce an environment suitable for cells, not only in terms of 

biocompatibility but also of functionality and performance[49]. Several IPN hydrogels have been 
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developed in the last years for biomedical applications, such as tissue engineering, with the aim of 

increasing the stiffness of biopolymers-based hydrogels, that usually present excellent biological 

properties, but poor mechanical properties[50], [51], [52]. In particular, Suo and colleagues [53] 

developed semi-IPN and IPN GelMA-Chitosan hydrogels by the formation of covalent bonds and 

hydrophobic interactions through photo-crosslinking and basification. The prepared IPNs showed 

increased mechanical properties and high biocompatibility and were proposed as pre-formed 

scaffolds for subsequent cell seeding onto a lyophilized structure, while ours was designed for cell 

embedding, injection and culturing. These characteristics would be extremely useful in the case of 

developing more complex 3D in vitro models based on bioprinting and organ-on-chip 

technologies[54], or for in vivo (in situ) tissue engineering applications (e.g., to fill an open bone 

defect)[55]. 

With the aim of reproducing a 3D in vitro model for the culture and differentiation of muscle cells, 

in our study, an IPN hydrogel with mechanical properties similar to those of muscle tissue was 

designed and developed. The hydrogel was obtained by combining two polymers, chitosan and 

methacrylated gelatin, which allowed for the generation of a photo/thermo-sensitive hydrogel. Such 

hydrogel can undergo a sol-gel transition triggered by both (i) temperature stimulation, thanks to the 

presence of chitosan and βGP+SHC salts that induce at 37°C physical crosslinking of chitosan due to 

electrostatic interactions, and (ii) light stimulation, due to the presence of gelatin, that was previously 

modified by introducing UV-sensitive methacrylic groups, and a photoinitiator. The obtained 

hydrogel showed an excellent sensitivity to the dual stimulation with the formation of a compact and 

uniform hydrogel, injectable before stimulation through a 22G needle and characterized by a 

physiological pH value, suitable for cell encapsulation[56]. Stability test showed that the developed 

protocol for the preparation of the photo/thermo-sensitive hydrogel led to the formation of a highly 

stable IPN in cell culture conditions over time, displaying minimal degradation rate and structural 

integrity beyond three weeks, crucial features for long-term 3D cultures involving cell differentiation 

and tissue maturation[57]. Swelling test revealed the IPN hydrogel exceptional ability to retain water, 

even higher than the single polymer hydrogels, GelMA and Ch+BGP+SHC, despite the superior 

durability in culture conditions. Diffusion tests, performed using FITC-labelled dextran molecules of 

different size[58], indicated the high permeability of the Ch-GelMA hydrogel to a broad range of 

molecules and nutrients involved in cell metabolism and nourishment, ensuring adequate supply to 

the encapsulated cells and further confirming its potential use in 3D culture systems. 

The incorporation of chitosan and methacrylated gelatin, along with the specific gelling agents (βGP, 

SHC, and photoinitiator), resulted in the formation of a stable IPN hydrogel. This hydrogel exhibited 

robust mechanical properties, with a Young's modulus within the range typically observed in 
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physiological muscle tissue (20-25 kPa)[32]. Indeed, the compression test demonstrated that the IPN 

system displayed unique mechanical properties that surpassed those of the individual components. 

This enhancement in compressive stiffness is likely due to the entanglement of the two cross-linked 

components, indicating the synergistic effect resulting from the IPN nature of the developed 

system[59]. 

The rheological analysis was conducted to investigate the material behavior at two different 

temperatures, 20 and 37°C, in the range 1−100 s−1. The Ch-GelMA solution showed a higher viscosity 

at 20°C compared to the Ch and GelMA solutions, attributed to a higher polymer content. GelMA 

showed a drastic decrease in viscosity at 37°C, confirming its classic behavior [60]. In contrast, 

despite the high GelMA content in the IPN, the viscosity of the Ch-GelMA IPN did not undergo a 

sudden drop with temperature rise, confirming the effective interaction among the single materials 

and the saline component, responsible for the sensitivity to temperature and the correct sol-gel 

transition at 37°C. FTIR analysis of IPN highlighted the interaction between the polymers and saline 

solutions. In particular, the presence of a high concentration of GelMA in the IPN hydrogel was 

highlighted by the characteristic peaks of amide I, amide II and amide III at 1652 cm-1, 1540 cm-1 and 

1238 cm-1, respectively, overlapping the spectrum of GelMA formulation[46]. Despite the significant 

presence of GelMA, the peaks of the Ch+βGP+SHC system could still be detectable in the IPN 

spectrum. These included the peaks at 2920–2878 cm-1 attributable to chitosan and C-H bond, to the 

amide at 1642 cm-1, to deformation of the primary amino group (NH2) at 1554 cm-1. The peaks of the 

βGP and SHC salts were also observed, i.e. two intense bands for the phosphate groups at 1100-920 

cm-1, and two other bands at 1468 and 1358 cm-1 for the carbonate groups[47]. In summary, FTIR 

spectral studies confirmed that the Ch+βGP+SHC thermo-sensitive responsive hydrogel is entrapped 

in UV-sensitive GelMA hydrogel only by the physical forces and not by any chemical interactions, 

in agreement with the IPN nature. Finally, SEM analysis highlighted the porous structure of the IPN, 

indicating its suitability for cellular encapsulation and facilitating the passage of nutrients, release of 

catabolites as well as the movement of the cells themselves[61]. 

The biological properties of the hydrogel samples were assessed using murine C2C12 muscle cells. 

The cells encapsulated in the hydrogel showed high viability up to 7 days of culture, as confirmed by 

the Live-dead assay that revealed minimal cell death. This test also demonstrated that the UV 

irradiation used to induce the crosslinking of the GelMA hydrogel component did not induce cell 

death[62]. The encapsulated cells were subsequently subjected to differentiation using a standard 

differentiation medium. C2C12 cells, stained by immunofluorescence and subjected to differentiation 

for five days, showed a change in their morphology from round to elongated, and fused muscle cell 

elements, characteristic of muscle differentiation, were observed[63].  
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Moreover, a neuron-like cell line, NSC34 cells[42], was also encapsulated in the same hydrogels, as 

a further control, to study the influence of the environment stiffness on cells with a different 

phenotype. In vivo and in physiological conditions, the two cell types experience highly different 

stiffness environments. C2C12 cells, being muscle cells, reside in an ECM characterized by higher 

stiffness, while NSC34 cells prefer a much softer environment. Compared to the controls, namely 

GelMA and Ch+βGP+SHC, Ch-GelMA, that displays a much higher stiffness, had a strong impact 

in terms of viability of the embedded cells, resulting in a markedly different behavior. C2C12 cells 

exhibited excellent viability in the Ch-GelMA system, whereas NSC34 cells experienced high 

mortality, suggesting that a microenvironment stiffer than their natural one can be cytotoxic[64]. On 

the other hand, their viability resulted optimal both in the thermo-sensitive Ch+βGP+SHC and photo-

sensitive GelMA hydrogels, which possess stiffness values within the range of nervous tissues. To 

summarize, the differential responses of C2C12 cells and NSC34 cells in the hydrogels highlight the 

importance of matching the stiffness of the microenvironment to the specific cell type. 

 

5. Conclusions 

In this study, an ad hoc hydrogel was developed for culturing muscle cells in a 3D environment. In 

particular, an IPN with mechanical properties resembling those of muscle tissues was designed and 

deeply characterized. The IPN was obtained by combining two polymers, chitosan and methacrylated 

gelatin, which allowed for the generation of a photo/thermo-sensitive hydrogel. The system resulted 

injectable and sensitive to both light and temperature, stable in culture condition up to 24 days, 

exhibited excellent swelling and rheological properties, and supported the differentiation of C2C12 

cells toward a muscle phenotype. In conclusion, the developed innovative photo/thermo-sensitive 

hydrogel based on chitosan and methacrylated gelatin can be considered an excellent system for the 

3D culture of muscle cells and their differentiation. It represents a valuable tool for studying 

neuromuscular diseases and can be employed as a suitable 3D model for investigating related 

pathological mechanisms. 

 

Declarations 

Ethics statement: Commercially available cell lines were used in this study. In particular, 

immortalized murine C2C12 muscle cells (#CRL-1772) were purchased from ATCC, mouse motor 

neuron-like hybrid cell line cells (NSC-34, #CLU140-A) from tedubio (Magenta, Italy). 

 

Jo
urn

al 
Pre-

pro
of



Conflicts of interest 

The authors declare no conflict of interest. The funders had no role in the design of the study; in the 

collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 

publish the results. 

 

Acknowledgements 

The authors are grateful to the “Tecnopolo per la medicina di precisione” (TecnoMed Puglia) - 

Regione Puglia: DGR n.2117 del 21/11/ 2018, CUP: B84I18000540002 and to the Italian Ministry 

of Research (MUR) under the EU NRRP “National Center for Gene Therapy and Drugs based on 

RNA Technology” (Project no. CN00000041 CN3 RNA) and the complementary actions to the EU 

NRRP “FIT4MedRob” Grant (contract number CUP B53C22006960001) and “D34 Health” (contract 

number, CUP B53C22006100001). The Project PON-SHINE (POTENZIAMENTO DEI NODI 

ITALIANI IN E-RIHS, CIG: Z902D25DCE – CUP: B27E19000030007) funded by Italian MIUR is 

acknowledged. A. P. and F. G. gratefully acknowledge the support from the European Union’s 

Horizon 2020 research and innovation programme under grant agreement No. 953121 (FLAMIN-

GO). 

 

Data Availability 

The raw/processed data required to reproduce these findings cannot be shared at this time as the data 

also forms part of an ongoing study. 

References 

 

[1] L. P. Ferreira, V. M. Gaspar, and J. F. Mano, “Design of spherically structured 3D in vitro tumor models 

-Advances and prospects,” Acta Biomater, vol. 75, pp. 11–34, Jul. 2018, doi: 

10.1016/J.ACTBIO.2018.05.034. 

[2] H. Baharvand, S. M. Hashemi, S. K. Ashtiani, and A. Farrokhi, “Differentiation of human embryonic 

stem cells into hepatocytes in 2D and 3D culture systems in vitro,” International Journal of 

Developmental Biology, vol. 50, no. 7, pp. 645–652, 2006, doi: 10.1387/ijdb.052072hb. 

[3] Y. Li and K. A. Kilian, “Bridging the Gap: From 2D Cell Culture to 3D Microengineered Extracellular 

Matrices,” Adv Healthc Mater, vol. 4, no. 18, pp. 2780–2796, Dec. 2015, doi: 

10.1002/ADHM.201500427. 

[4] E. C. Costa, A. F. Moreira, D. de Melo-Diogo, V. M. Gaspar, M. P. Carvalho, and I. J. Correia, “3D 

tumor spheroids: an overview on the tools and techniques used for their analysis,” Biotechnol Adv, vol. 

34, no. 8, pp. 1427–1441, Dec. 2016, doi: 10.1016/J.BIOTECHADV.2016.11.002. 

Jo
urn

al 
Pre-

pro
of



[5] L. G. Griffith and M. A. Swartz, “Capturing complex 3D tissue physiology in vitro,” Nature Reviews 

Molecular Cell Biology 2006 7:3, vol. 7, no. 3, pp. 211–224, Mar. 2006, doi: 10.1038/nrm1858. 

[6] G. Morello, G. De Iaco, G. Gigli, A. Polini, and F. Gervaso, “Chitosan and Pectin Hydrogels for Tissue 

Engineering and In Vitro Modeling,” Gels, vol. 9, no. 2, p. 132, Feb. 2023, doi: 10.3390/gels9020132. 

[7] B. G. Ramírez, T. B. Rodrigues, I. R. Violante, F.Cruz, L. L. Fonseca, P. Ballesteros, M. M. C.A. 

Castro, M. L. García-Martín, S. Cerdán., “Kinetic properties of the redox switch/redox coupling 

mechanism as determined in primary cultures of cortical neurons and astrocytes from rat brain,” J 

Neurosci Res, vol. 85, no. 15, pp. 3244–3253, Nov. 2007, doi: 10.1002/JNR.21386. 

[8] Y. S. Choi et al., “The alignment and fusion assembly of adipose-derived stem cells on mechanically 

patterned matrices,” Biomaterials, vol. 33, no. 29, pp. 6943–6951, Oct. 2012, doi: 

10.1016/J.BIOMATERIALS.2012.06.057. 

[9] C. M. Lo, H. B. Wang, M. Dembo, and Y. L. Wang, “Cell Movement Is Guided by the Rigidity of the 

Substrate,” Biophys J, vol. 79, no. 1, pp. 144–152, Jul. 2000, doi: 10.1016/S0006-3495(00)76279-5. 

[10] P. D. Benya and J. D. Shaffer, “Dedifferentiated chondrocytes reexpress the differentiated collagen 

phenotype when cultured in agarose gels,” Cell, vol. 30, no. 1, pp. 215–224, 1982, doi: 10.1016/0092-

8674(82)90027-7. 

[11] S. Alhaque, M. Themis, and H. Rashidi, “Three-dimensional cell culture: from evolution to revolution,” 

Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 373, no. 1750, Jul. 2018, 

doi: 10.1098/RSTB.2017.0216. 

[12] O. W. Petersen, L. Ronnov-Jessen, A. R. Howlett, and M. J. Bissell, “Interaction with basement 

membrane serves to rapidly distinguish growth and differentiation pattern of normal and malignant 

human breast epithelial cells.,” Proceedings of the National Academy of Sciences, vol. 89, no. 19, pp. 

9064–9068, Oct. 1992, doi: 10.1073/PNAS.89.19.9064. 

[13] E. De Vitis, A. Stanzione, A. Romano, A. Quattrini,G. Gigli, L. Moroni, F. Gervaso, and A.Polini, “The 

Evolution of Technology‐Driven In Vitro Models for Neurodegenerative Diseases,” Advanced Science, 

vol. 11, no. 16, Apr. 2024, doi: 10.1002/advs.202304989. 

[14] S. W. Moore, R. E. Keller, and M. A. R. Koehl, “The dorsal involuting marginal zone stiffens 

anisotropically during its convergent extension in the gastrula of Xenopus laevis,” Development, vol. 

121, no. 10, pp. 3131–3140, Oct. 1995, doi: 10.1242/DEV.121.10.3131. 

[15] Y. H. Tan et al., “Stiffness Mediated‐Mechanosensation of Airway Smooth Muscle Cells on Linear 

Stiffness Gradient Hydrogels,” Adv Healthc Mater, Apr. 2024, doi: 10.1002/adhm.202304254. 

[16] D. Baruffaldi, G. Palmara, C. Pirri, and F. Frascella, “3D Cell Culture: Recent Development in 

Materials with Tunable Stiffness,” ACS Appl Bio Mater, vol. 4, no. 3, pp. 2233–2250, Mar. 2021, doi: 

10.1021/ACSABM.0C01472/ASSET/IMAGES/MEDIUM/MT0C01472_M002.GIF. 

[17] T.Li et al. T.Li, J.Hou, L.Wang, G.Zeng, Z.Wang, L.Yu, Q.Yang, J.Yin, M.Long, L.Chen, S.Chen, 

H.Zhang, Y.Li, Y.Wu,W.Huang,“Bioprinted anisotropic scaffolds with fast stress relaxation bioink for 

engineering 3D skeletal muscle and repairing volumetric muscle loss,” Acta Biomater, vol. 156, pp. 

21–36, Jan. 2023, doi: 10.1016/j.actbio.2022.08.037. 

[18] S. Nemec and K. A. Kilian, “Materials control of the epigenetics underlying cell plasticity,” Nature 

Reviews Materials 2020 6:1, vol. 6, no. 1, pp. 69–83, Sep. 2020, doi: 10.1038/s41578-020-00238-z. 

[19] P. Romani, L. Valcarcel-Jimenez, C. Frezza, and S. Dupont, “Crosstalk between mechanotransduction 

and metabolism,” Nature Reviews Molecular Cell Biology 2020 22:1, vol. 22, no. 1, pp. 22–38, Nov. 

2020, doi: 10.1038/s41580-020-00306-w. 

Jo
urn

al 
Pre-

pro
of



[20] C. R. I. Lam, H. K. Wong, S. Nai, C. K. Chua, N. S. Tan, and L. P. Tan, “A 3D biomimetic model of 

tissue stiffness interface for cancer drug testing,” Mol Pharm, vol. 11, no. 7, pp. 2016–2021, Jul. 2014, 

doi: 10.1021/MP500059Q/ASSET/IMAGES/MEDIUM/MP-2014-00059Q_0007.GIF. 

[21] C. Wang et al., C. Wang, S. Sinha, X. Jiang, L. Murphy, S. Fitch, C. Wilson, G. Grant, and F. Yang, 

“Matrix Stiffness Modulates Patient-Derived Glioblastoma Cell Fates in Three-Dimensional 

Hydrogels,” Tissue Eng Part A, vol. 27, no. 5–6, p. 390, Mar. 2021, doi: 10.1089/TEN.TEA.2020.0110. 

[22] K. Y. Lee and D. J. Mooney, “Hydrogels for tissue engineering,” Chem Rev, vol. 101, no. 7, pp. 1869–

1879, Jul. 2001, doi: 10.1021/CR000108X/ASSET/CR000108X.FP.PNG_V03. 

[23] M. J. Mahoney and K. S. Anseth, “Three-dimensional growth and function of neural tissue in 

degradable polyethylene glycol hydrogels,” Biomaterials, vol. 27, no. 10, pp. 2265–2274, Apr. 2006, 

doi: 10.1016/J.BIOMATERIALS.2005.11.007. 

[24] M. P. Lutolf and J. A. Hubbell, “Synthetic biomaterials as instructive extracellular microenvironments 

for morphogenesis in tissue engineering,” Nature Biotechnology 2005 23:1, vol. 23, no. 1, pp. 47–55, 

Jan. 2005, doi: 10.1038/nbt1055. 

[25] S. Boothroyd, A. Saiani, and A. F. Miller, “Controlling network topology and mechanical properties of 

co-assembling peptide hydrogels,” Biopolymers, vol. 101, no. 6, pp. 669–680, Jun. 2014, doi: 

10.1002/BIP.22435. 

[26] A. Scelsi,B. Bochicchio, A. Smith,V. L. Workman, L. A. Castillo Diaz, A. Saiani, A. Pepe, “Tuning of 

hydrogel stiffness using a two-component peptide system for mammalian cell culture,” J Biomed Mater 

Res A, vol. 107, no. 3, pp. 535–544, Mar. 2019, doi: 10.1002/JBM.A.36568. 

[27] P. Matricardi, C. Di Meo, T. Coviello, W. E. Hennink, and F. Alhaique, “Interpenetrating Polymer 

Networks polysaccharide hydrogels for drug delivery and tissue engineering,” Adv Drug Deliv Rev, 

vol. 65, no. 9, pp. 1172–1187, Aug. 2013, doi: 10.1016/J.ADDR.2013.04.002. 

[28] C. Ma, Y.-K. Kim, M.-H. Lee, and Y.-S. Jang, “Development of Gelatin Methacryloyl/Sodium 

Alginate Interpenetrating Polymer Network Hydrogels for Bone Regeneration by Activating the Wnt/β-

Catenin Signaling Pathway via Lithium Release,” Int J Mol Sci, vol. 24, no. 17, p. 13613, Sep. 2023, 

doi: 10.3390/ijms241713613. 

[29] Q. Hu, S. L. Williams, A. Palladino, and M. Ecker, “Screening of MMP-13 Inhibitors Using a GelMA-

Alginate Interpenetrating Network Hydrogel-Based Model Mimicking Cytokine-Induced Key Features 

of Osteoarthritis In Vitro,” Polymers (Basel), vol. 16, no. 11, p. 1572, Jun. 2024, doi: 

10.3390/polym16111572. 

[30] D.  Gholobova, M. Gerard, L. Decroix, L. Desender, N. Callewaert, P. Annaert and L. Thorrez, “Human 

tissue-engineered skeletal muscle: a novel 3D in vitro model for drug disposition and toxicity after 

intramuscular injection,” Sci Rep, vol. 8, no. 1, Dec. 2018, doi: 10.1038/S41598-018-30123-3. 

[31] R. J. Bloch and H. Gonzalez-Serratos, “Lateral force transmission across costameres in skeletal 

muscle,” Exerc Sport Sci Rev, vol. 31, no. 2, pp. 73–78, Apr. 2003, doi: 10.1097/00003677-200304000-

00004. 

[32] A. B. Mathur, A. M. Collinsworth, W. M. Reichert, W. E. Kraus, and G. A. Truskey, “Endothelial, 

cardiac muscle and skeletal muscle exhibit different viscous and elastic properties as determined by 

atomic force microscopy,” J Biomech, vol. 34, no. 12, pp. 1545–1553, 2001, doi: 10.1016/S0021-

9290(01)00149-X. 

[33] A. M. Collinsworth, S. Zhang, W. E. Kraus, and G. A. Truskey, “Apparent elastic modulus and 

hysteresis of skeletal muscle cells throughout differentiation,” Am J Physiol Cell Physiol, vol. 283, no. 

4, 2002, doi: 10.1152/AJPCELL.00502.2001. 

Jo
urn

al 
Pre-

pro
of



[34] E. Defranchi, E. Bonaccurso, M. Tedesco, M. Canato, E. Pavan, R. Raiteri, and C. Reggiani, “Imaging 

and elasticity measurements of the sarcolemma of fully differentiated skeletal muscle fibres,” Microsc 

Res Tech, vol. 67, no. 1, pp. 27–35, 2005, doi: 10.1002/JEMT.20177. 

[35] A. Stanzione, A. Polini, V. La Pesa, A. Quattrini, A. Romano, G. Gigli, L. Moroni and F. Gervaso, 

“Thermosensitive chitosan-based hydrogels supporting motor neuron-like NSC-34 cell 

differentiation,” Biomater Sci, vol. 9, no. 22, pp. 7492–7503, 2021, doi: 10.1039/d1bm01129d. 

[36] E. Assaad, M. Maire, and S. Lerouge, “Injectable thermosensitive chitosan hydrogels with controlled 

gelation kinetics and enhanced mechanical resistance,” Carbohydr Polym, vol. 130, pp. 87–96, May 

2015, doi: 10.1016/j.carbpol.2015.04.063. 

[37] A. Chenite et al., “Novel injectable neutral solutions of chitosan form biodegradable gels in situ,” 

Biomaterials, vol. 21, no. 21, pp. 2155–2161, Nov. 2000, doi: 10.1016/S0142-9612(00)00116-2. 

[38] G. Morello, A. Polini, F. Scalera, R. Rizzo, G. Gigli, and F. Gervaso, “Preparation and characterization 

of salt-mediated injectable thermosensitive chitosan/pectin hydrogels for cell embedding and 

culturing,” Polymers (Basel), vol. 13, no. 16, p. 2674, Aug. 2021, doi: 10.3390/POLYM13162674/S1. 

[39] G. Morello et al., “A thermo-sensitive chitosan/pectin hydrogel for long-term tumor spheroid culture,” 

Carbohydr Polym, vol. 274, p. 118633, Nov. 2021, doi: 10.1016/j.carbpol.2021.118633. 

[40] F. Bisconti et al., “An Assist for Arthritis Studies: A 3D Cell Culture of Human Fibroblast‐Like 

Synoviocytes by Encapsulation in a Chitosan‐Based Hydrogel,” Adv Ther (Weinh), Aug. 2024, doi: 

10.1002/adtp.202400166. 

[41] A. Stanzione et al., “Development of injectable thermosensitive chitosan-based hydrogels for cell 

encapsulation,” Applied Sciences (Switzerland), vol. 10, no. 18, 2020, doi: 10.3390/APP10186550. 

[42] A. Stanzione et al., “Thermosensitive chitosan-based hydrogels supporting motor neuron-like NSC-34 

cell differentiation,” Biomater Sci, vol. 9, no. 22, pp. 7492–7503, 2021, doi: 10.1039/d1bm01129d. 

[43] A. I. Van Den Bulcke, B. Bogdanov, N. De Rooze, E. H. Schacht, M. Cornelissen, and H. Berghmans, 

“Structural and rheological properties of methacrylamide modified gelatin hydrogels,” 

Biomacromolecules, vol. 1, no. 1, pp. 31–38, 2000, doi: 10.1021/BM990017D. 

[44] E. Assaad, M. Maire, and S. Lerouge, “Injectable thermosensitive chitosan hydrogels with controlled 

gelation kinetics and enhanced mechanical resistance,” Carbohydr Polym, vol. 130, pp. 87–96, 2015, 

doi: 10.1016/j.carbpol.2015.04.063. 

[45] F. Ruini, C. Tonda-Turo, V. Chiono, and G. Ciardelli, “Chitosan membranes for tissue engineering: 

Comparison of different crosslinkers,” Biomedical Materials (Bristol), vol. 10, no. 6, p. 65002, 2015, 

doi: 10.1088/1748-6041/10/6/065002. 

[46] W.Weng, W. Wu, X. Yu, M. Sun, Z.  Lin, M. Ibrahim and H. Yang, “Effect of GelMA Hydrogel 

Coatings on Corrosion Resistance and Biocompatibility of MAO-Coated Mg Alloys,” Materials 2020, 

Vol. 13, Page 3834, vol. 13, no. 17, p. 3834, Aug. 2020, doi: 10.3390/MA13173834. 

[47] G. Yaşayan, “Chitosan films and chitosan / pectin polyelectrolyte complexes encapsulating silver 

sulfadiazine for wound healing,” vol. 50, no. 3, pp. 238–244, 2020, doi: 

10.26650/IstanbulJPharm.2020.0021. 

[48] L. Liu, X. Tang, Y. Wang, and S. Guo, “Smart gelation of chitosan solution in the presence of NaHCO3 

for injectable drug delivery system,” Int J Pharm, vol. 414, no. 1–2, pp. 6–15, Jul. 2011, doi: 

10.1016/J.IJPHARM.2011.04.052. 

Jo
urn

al 
Pre-

pro
of



[49] A. L. L. Martins, L. P. Giorno, and A. R. Santos, “Tissue Engineering Applied to Skeletal Muscle: 

Strategies and Perspectives,” Bioengineering 2022, Vol. 9, Page 744, vol. 9, no. 12, p. 744, Nov. 2022, 

doi: 10.3390/BIOENGINEERING9120744. 

[50] H. You et al., “Screening of MMP-13 Inhibitors Using a GelMA-Alginate Interpenetrating Network 

Hydrogel-Based Model Mimicking Cytokine-Induced Key Features of Osteoarthritis In Vitro,” 

Polymers 2024, Vol. 16, Page 1572, vol. 16, no. 11, p. 1572, Jun. 2024, doi: 

10.3390/POLYM16111572. 

[51] C. Ma, Y. K. Kim, M. H. Lee, and Y. S. Jang, “Development of Gelatin Methacryloyl/Sodium Alginate 

Interpenetrating Polymer Network Hydrogels for Bone Regeneration by Activating the Wnt/β-Catenin 

Signaling Pathway via Lithium Release,” Int J Mol Sci, vol. 24, no. 17, Sep. 2023, doi: 

10.3390/IJMS241713613. 

[52] P. Matricardi, C. Di Meo, T. Coviello, W. E. Hennink, and F. Alhaique, “Interpenetrating Polymer 

Networks polysaccharide hydrogels for drug delivery and tissue engineering,” Adv Drug Deliv Rev, 

vol. 65, no. 9, pp. 1172–1187, Aug. 2013, doi: 10.1016/J.ADDR.2013.04.002. 

[53] H. Suo, D. Zhang, J. Yin, J. Qian, Z. L. Wu, and J. Fu, “Interpenetrating polymer network hydrogels 

composed of chitosan and photocrosslinkable gelatin with enhanced mechanical properties for tissue 

engineering,” Materials Science and Engineering: C, vol. 92, pp. 612–620, Nov. 2018, doi: 

10.1016/J.MSEC.2018.07.016. 

[54] A. Polini and L. Moroni, “The convergence of high-tech emerging technologies into the next stage of 

organ-on-a-chips,” Biomaterials and Biosystems, vol. 1, p. 100012, Mar. 2021, doi: 

10.1016/J.BBIOSY.2021.100012. 

[55] M. Nguyen, M. Karkanitsa, and K. L. Christman, “Design and translation of injectable biomaterials,” 

Nature Reviews Bioengineering 2024, pp. 1–19, Aug. 2024, doi: 10.1038/s44222-024-00213-1. 

[56] T. Squillaro, A. Cimini, G. Peluso, A. Giordano, and M. A. B. Melone, “Nano-delivery systems for 

encapsulation of dietary polyphenols: An experimental approach for neurodegenerative diseases and 

brain tumors.,” Biochem Pharmacol, vol. 154, pp. 303–317, May 2018, doi: 

10.1016/J.BCP.2018.05.016. 

[57] E. S. Dragan, D. F. Apopei Loghin, A. I. Cocarta, and M. Doroftei, “Multi-stimuli-responsive semi-

IPN cryogels with native and anionic potato starch entrapped in poly(N,N-dimethylaminoethyl 

methacrylate) matrix and their potential in drug delivery,” React Funct Polym, vol. 105, pp. 66–77, 

Aug. 2016, doi: 10.1016/J.REACTFUNCTPOLYM.2016.05.015. 

[58] A. Woting and M. Blaut, “Small Intestinal Permeability and Gut-Transit Time Determined with Low 

and High Molecular Weight Fluorescein Isothiocyanate-Dextrans in C3H Mice,” Nutrients, vol. 10, no. 

6, Jun. 2018, doi: 10.3390/NU10060685. 

[59] H. Niu, F. Wang, and R. A. Weiss, “Hydrophobic/hydrophilic triblock copolymers: Synthesis and 

properties of physically cross-linked hydrogels,” Macromolecules, vol. 48, no. 3, pp. 645–654, Feb. 

2015, doi: 10.1021/MA502133F/SUPPL_FILE/MA502133F_SI_001.PDF. 

[60] W. Liu , M. A Heinrich , Y. Zhou , A. Akpek , N. Hu, X. Liu, X. Guan, Z. Zhong, X. Jin , A. 

Khademhosseini, Y. S. Zhang, “Extrusion Bioprinting of Shear-Thinning Gelatin Methacryloyl 

Bioinks,” Adv Healthc Mater, vol. 6, no. 12, Jun. 2017, doi: 10.1002/ADHM.201601451. 

[61] J. M. Knipe and N. A. Peppas, “Multi-responsive hydrogels for drug delivery and tissue engineering 

applications,” Regen Biomater, vol. 1, no. 1, p. 57, Nov. 2014, doi: 10.1093/RB/RBU006. 

Jo
urn

al 
Pre-

pro
of



[62] S. Krishnamoorthy, B. Noorani, and C. Xu, “Effects of Encapsulated Cells on the Physical–Mechanical 

Properties and Microstructure of Gelatin Methacrylate Hydrogels,” Int J Mol Sci, vol. 20, no. 20, Oct. 

2019, doi: 10.3390/IJMS20205061. 

[63] L. Ricotti, A.Polini, G.G. Genchi, G. Ciofani, D. Iandolo, H. Vazão , V. Mattoli, L. Ferreira, A. 

Menciassi, D. Pisignano, “Proliferation and skeletal myotube formation capability of C2C12 and H9c2 

cells on isotropic and anisotropic electrospun nanofibrous PHB scaffolds,” Biomedical Materials, vol. 

7, no. 3, p. 035010, Apr. 2012, doi: 10.1088/1748-6041/7/3/035010. 

[64] Y. Ying , Z. Huang, Y. Tu, Q. Wu, Z. Li, Y. Zhang, H. Yu, A. Zeng, H. Huang, J. Ye, W. Ying, M. 

Chen, Z. Feng, Z. Xiang, Q. Ye, S. Zhu, Z. Wang, “A shear-thinning, ROS-scavenging hydrogel 

combined with dental pulp stem cells promotes spinal cord repair by inhibiting ferroptosis,” Bioact 

Mater, vol. 22, no. October 2022, pp. 274–290, 2023, doi: 10.1016/j.bioactmat.2022.09.019. 

  

 

 

Jo
urn

al 
Pre-

pro
of



Highlights 

• Chitosan and methacrylated gelatin were used to create a dual-sensitive hydrogel  

• The IPN resulted injectable, stable and sensitive to both light and temperature 

• The IPN mechanical properties resemble those of muscle tissues  

• The IPN supported C2C12 differentiation toward a muscle phenotype 

• The system represents a suitable 3D model for investigating neuromuscular diseases  
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