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A B S T R A C T   

Biocompatible and biodegradable hydrogels with biomimetic properties, such as self-repairing, are increasingly 
interesting for biomedical applications, particularly when they can be printed or in situ formed to mimic 
extracellular matrix or as personalized implantable devices in tissue regeneration or drug delivery. Photo-
crosslinkable hydrogels based on methacrylated chitosan (CHIMe) and hyaluronic acid that exhibit according 
with their composition, tuneable physico-chemical properties are here presented. The study of the conversion, 
gelation time, mechanical and rheological properties of photopolymerized CHIMe showed an optimal phenyl- 
2,4,6-trimethylbenzoylphosphinate (LAP) initiator feed (0.1 % w). These photocrosslinkable hydrogels demon-
strated being able to promote doubly crosslinked hydrogels with similar Young Moduli regardless the cycles of 
self-healing processes, and tailored swelling (25–70 swelling factor), mechanical (1 × 10− 4-2 × 10− 2 MPa) and 
rheological properties, as a function of polysaccharides relative content. Clear evidences have been found that 
fast photopolymerization of CHIMe/HA solutions leads to biocompatible (>80 % cell viability), biodegradable 
(20–24 days in hydrolytic medium) and robust self-healable hydrogels suitable for advanced biomedical and 
tissue engineering applications.   

1. Introduction 

The polymerization of monomers or polymers by ultraviolet (UV) 
and visible light has been investigated as an interesting approach for the 
development of in situ gelling hydrogels for drug delivery, biosensing 
and tissue engineering applications [1,2]. Macromers aqueous solutions 
act as injectable materials, remaining in liquid state before applying the 
light source and, becoming photopolymerized or photocrosslinked 
hydrogels after exposure to UV–visible light in a specific wavelength, 
due to an in situ curing process. Overall, among the different types of 
photopolymerization reactions, free-radical-initiated chain polymeri-
zation is the most used method in the biomedical field [3]. 

In free radical photopolymerization processes, the photoinitiator 
absorbs light photons, which promote their cleavage and, consequently, 
highly reactive free radical moieties are formed. Then, free radical 
moieties are able to react with vinyl groups present in the monomers (or 
vinyl modified polymers), leading to covalently crosslinked 3D 

networks. Several radical photoinitiators have been proposed for 
bioapplications, being 2-hydroxy-4′-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959) the most used [4]. However, its low 
water solubility and the need to use ultraviolet light of 365 nm are its 
main limitations, as exposure to light in this range may have harmful 
consequences for cells and tissue [5]. Therefore, photoinitiators that 
work in wavelengths near or in the visible range have been also devel-
oped. In this line, lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP), a blue light photoinitiator stands out, since it has demonstrated 
high water solubility, high biocompatibility and allows good cell 
encapsulation when low concentration and longer light wavelengths are 
used (365–405 nm) [4]. 

Photocrosslinkable solutions are typically based on acrylated derived 
polymers that polymerize and crosslink via chain growth mechanism 
[6]. In this sense, the most studied photopolymerized polymers in recent 
years are those derived from modified biocompatible polymers, such as 
acrylate or methacrylated poly(ethylene glycol) (PEG) [7] or modified 
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natural polysaccharides, for example, methacrylated dextran [8], 
methacrylated hyaluronic acid [2] or methacrylated chitosan [9]. 

Indeed, there are numerous promising polymers for the development 
of photocrosslinkable hydrogels, however, chitosan stands out above the 
rest due to its promising physicochemical and cell adhesion properties 
[10]. Chitosan is a naturally occurring weak polycation (pKa = 6.5) that 
it is formed by randomly ordered N-acetyl-glucosamine and glucos-
amine units. Chitosan is biocompatible, mucoadhesive [11], biode-
gradable and due to its cationic nature it presents antibacterial activity 
[12]. In addition to good biocompatibily and biodegradability, the large 
number of free amino groups present along its backbone facilitates its 
chemical modification with photocrosslinkable groups. Thanks to these 
features, its use in biomedical applications, such as scaffolds for tissue 
engineering [2] or drug delivery systems [13,14] has increased over the 
last decades. The chemical conjugation of chitosan with photo-
polymerizable groups has been carried out using different chemical re-
actions in order to obtain photocrosslinkable in situ forming hydrogels 
[15]. This is the case of Kolawole et al. [16], showing the development 
of methacrylated water soluble chitosan (methacrylated glycol chitosan) 
to prepare photocrosslinkable hydrogels that demonstrated great po-
tential for the treatment of bladder cancer. 

Chitosan has been chemically modified also by styrenation and then, 
polymerized by visible light exposure employing camphorquinone 
photoinitiator. Yu et al. [17] in addition to styrenized chitosan, also 
included biopolymers such as heparin, gelatin or hyaluronic acid, pre-
viously modified with different vinyl groups for the preparation of 
different photocrosslinkable chitosan-based hydrogels [17]. 

Hyaluronic acid is a weak polyanion (pKa = 2.9) composed of two 
repetitive disaccharide units: D-glucuronic acid and N-acetyl-D-glucos-
amine. This natural polysaccharide is mainly found in the extracellular 
matrix of animal tissues and its main characteristics are high hydro-
philicity and biodegradability. We previously reported that the combi-
nation of CHI and HA is particularly interesting for biomedical 
applications due to the ability for self-healing of the obtained poly-
complex hydrogels (CHI/HA) [18]. Self-healing, provides the material 
with the ability to repair damage on its own, restoring bonds or in-
teractions after they have been disrupted, due to their reversible nature. 
Among the different types of reversible bonds/interactions [19], elec-
trostatic interactions are the most simple and used ones for the devel-
opment of self-healable hydrogels. This self-repairing ability leads to 
longer shelf-life of biomaterials while reducing replacement costs and 
consequently, the development of hydrogels with this capability has 
aroused great interest [20]. 

As previously mentioned, partially methacrylated chitosan presents 
unmodified primary amine groups that ionize at a suitable pH (pH <
pKa) forming a polycation, which ideally would electrostatically interact 
with polyanions, such as carboxymethyl cellulose, alginate or hyal-
uronic acid [18]. 

In this context, biocompatible, biodegradable, photocrosslinkable, in 
situ forming and self-healable hydrogels could be prepared based on 
these two polysaccharides, namely methacrylated chitosan and hyal-
uronic acid. So far, few studies have investigated the properties of the 
direct mixture of chitosan and hyaluronic acid [21,22] and to the best of 
our knowledge, there is no information on the combination of electro-
static interactions between hyaluronic acid and photocured methacry-
lated chitosan hydrogels. Methacrylated chitosan has been exploited in 
the last years as printable hydrogel ink alone [23] or in combination 
with other polysaccharides, typically gelatin [24], and always different 
to hyaluronic acid. Taking this into account, this work aims to develop 
self-healable and photocurable chitosan hydrogels electrostatically 
crosslinked with hyaluronic acid and to explore the possibility of the 
self-healing ability in these kind of doubly crosslinked networks. This 
potential ability makes the difference with previously reported in-
vestigations on photocrosslinkable hydrogels of these polysaccharides 
[24,25]. Thus, the modification of chitosan through methacrylation and 
its subsequent photo-curing process with and without hyaluronic acid 

have been here deeply studied by FTIR and Photo-DSC. The synthesized 
CHIMe/HA hydrogels were characterized in terms of mechanical sta-
bility, rheological properties, morphology, swelling and degradation, 
properties that are highly influenced by hydrogel composition. Prepared 
hydrogels remain the potential ability to self-repair that was demon-
strated by mechanical and rheological analysis, as well as their 
biocompatibility. These properties make them excellent candidates for 
acting as drug or cell carriers and scaffolds, being useful in tissue engi-
neering, wound dressing and biomedical applications. 

2. Materials & methods 

2.1. Materials 

Hyaluronic acid (Contipro, high molecular weight, 2.1 × 106 ± 1.01 
× 105 g/mol (PDI = 1.003)) and chitosan from crab shells (Sigma 
Aldrich, highly viscous, 8.7 × 105 ± 4.0 × 104 g/mol (PDI = 1.037), 
deacetylation degree of 85 % ##determined by 1H NMR) were used for 
the formation of photocrosslinkable hydrogels. The average molecular 
weights were measured by gel permeation chromatography using a 
PolySep-GFC-P Phenomenex column (Linear 300 × 7.8 mm) and as 
eluent 0.05 M (for hyaluronic acid) and acetic acid 0.15 M (for chitosan) 
(1 mL/min flow). The photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP), acetic acid (for analysis, ≥ 99.8 
%), sodium phosphate monobasic (≥ 99.0 %), sodium hydroxide (pure, 
pharma grade), methacrylic anhydride, deuterium oxide (99.9 % atom 
D), acetic acid‑d4 (≥99.5 % atom D), lysozyme (from chicken egg white, 
~70,000 U/mg) and hyaluronidase (from sheep testes, type II, lyophi-
lized powder, ≥300 units/mg solid) enzymes were purchased from 
Sigma Aldrich. 

2.2. Preparation of photocrosslinkable hydrogels 

2.2.1. Modification of chitosan polysaccharyde 
Pristine chitosan (CHI) was modified by reaction with methacrylic 

anhydride (MA) at different molar equivalents in order to generate 
photocrosslinkable chitosan with different degrees of modification 
(Table 1) [16]. 

Briefly, 1.5 % w/w chitosan solution was prepared by dissolving the 
corresponding chitosan amount in a 0.5 % v/v acetic acid solution at 
room temperature for 12 h. Then, different volumes of methacrylic an-
hydride (1:1, 1:10, 1:20 and 1:100) were added dropwise to the solution 
protected by light maintaining constant magnetic stirring at 40 ◦C 
during 24 h. In addition, for CHI:MA 1:20 M different intervals of time 
(1, 24, 48 and 72 h) were also established. The remaining product was 
purified by exhaustive dialysis (12–14 kDa membranes) for 4 days and 
lyophilized at − 50 ◦C and 0.1 mBar. 

2.2.2. Synthesis of photocrosslinkable hydrogels 
Separate solutions of methacrylated chitosan (CHIMe, 1:20 CHI: 

Methacrylic anhydride feed ratio and 24 h) and hyaluronic acid, both at 
a concentration of 1.5 % (w/w) were prepared in 0.5 % (v/v) acetic acid 
solution. The viscosities of the prepared solutions were 7260 ± 240 cP 
for methacryled chitosan and 34,520 ± 479 cP for hyaluronic acid, 
measured with a Brookfield DV2T viscosimeter. The corresponding 
amount of LAP photoinitiator was previously dissolved in a minimum 
amount of acetic acid 0.5 % (v/v) (500 μL approximately) and added to 
methacrylated chitosan solution that was then mixed with the prepared 

Table 1 
Weight percentages for the preparation of CHIMe/HA hydrogels.  

% CHIMe (w/w) % HA (w/w) % LAP (wLAP/wtotal) 

100  0 0.01; 0.05; 0.1; 0.2; 0.5 
70  30 0.01; 0.05 
50  50 0.01; 0.05  
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HA solution in different weight ratios (Table 1). After vigorous stirring, 
the mixture was placed at 1.5 cm under UV light LEDs (385 nm, 19 mW/ 
cm2) and hydrogels were formed in situ. 

2.3. Physical-chemical characterization of CHIMe/HA hydrogels 

2.3.1. Gelation time 
Gelation time of the aforementioned hydrogels were determined 

using the inverted tube test [26,27]. The gelation time of the hydrogels 
was studied at different photoinitiator percentages ranging from 0.01 to 
0.5 (Table 1, three replicates were employed). 

2.3.2. Nuclear magnetic resonance (1H-RMN) 
The degree of methacrylation of chitosan was determined by NMR 

spectroscopy. Briefly, 1H NMR spectra were taken in D2O acidified with 
acetic acid‑d4 at a concentration of 0.5 % v/v on a Bruker Avance 500 
MHz spectrometer at 25 ◦C employing a polymer concentration of 1.5 % 
w/w. According with literature [16], the methacrylation degree (MD) 
was calculated based on the ratio of the relative integrals area of the H2- 
H6 protons of N-acetyl-glucosamine units of chitosan and the resonance 
peaks of methacrylate groups at 5.6 and 6.2 ppm (see Eq. (1)): 

MD (%) =
(Integral of methacrylate protons at 5.6 − 6.2 ppm)/2
(Integral of chitosan cycle protons at 2.8 − 3.9 ppm)/6

× 100

(1) 

Shown data correspond to the average of three samples. 

2.3.3. Fourier-transform infrared spectroscopy (FTIR) 
FTIR spectra of pristine polysaccharides and dried hydrogels were 

registered by a Nicolet Nexus FTIR spectrometer (Thermo Scientific). 
The experiments were carried out using KBr pellets in the case of the 
pure polymers and ATR in the case of modified polysaccharides and 
hydrogels (4 cm− 1 resolution and 32 scans). 

2.3.4. Photo-differential scanning calorimetry (photo-DSC) 
The UV curing process was studied by photo-DSC, using a DSC (TA 

Instruments Q2000) equipped with a photocalorimetric accessory 
(Omnicure S2000) which presents a 200 W mercury lamp, an optical 
range from 320 to 500 nm and an intensity between 1 and 2 mW/cm2. 
The sample area in all cases was 0.2 cm2. 

According to the literature [28] the conversion degree (α) of double 
bonds (C=C) can be obtained considering the area of the exothermic 
peak during light induced reaction and using Eq. (2). 

α =
ΔHt

ΔHtheor
0

(2)  

where ΔHt (J/g) is the reaction enthalpy at time t, and ΔH0
theor (J/g) is 

the theoretical value of the enthalpy for the complete conversion, 
calculated following Eq. (3). 

ΔHtheor
0 =

54.7 × Functionality
Mtheor

w
(3)  

ΔHw
theor is the molecular weight of pristine chitosan, 54.7 kJ/mol is the 

molar enthalpy of the methacrylate group and functionality is 1 in the 
present case. 

2.3.5. Morphological characterization 
The morphology and the pore size of the hydrogels were studied 

using a Hitachi S-4800 scanning electron microscope (SEM), (150 s, 20 
mA, 15 kV, ×30,000 magnification). CHIMe/HA hydrogels were first 
lyophilized (− 50 ◦C, 0.1 mBar) and then coated with gold. 

2.3.6. In vitro swelling 
Hydrogels were lyophilized at − 50 ◦C and 0.1 mBar. Subsequently, 

they were immersed in phosphate buffer solution (PBS) (pH = 7.4) at 

37 ◦C in order to imitate physiological conditions. The swelling ratio was 
measured over time and the swelling factor was calculated according to 
Eq. (4): 

Swelling factor =
Ws − Wd

Wd
(4)  

where, Ws and Wd are the weights of the swollen and dried hydrogels, 
respectively. 

2.3.7. Rheology 
The dynamic rheological measurements of CHIMe/HA photo-

crosslinkable hydrogels were performed through a Rheometric Scientific 
Advanced Rheometric Expansion System (ARES) using a parallel plate 
geometry (25 mm of diameter and separated 1.5 mm). The viscoeleastic 
limit was determined by a shear strain sweep and then, storage (G') and 
loss modulus (G") were measured at 25 ◦C varying frequency (0.1 to 500 
rad/s at a fixed strain of 1 %). Both strain and frequency sweeps were 
measured in triplicate. 

After subjecting the photocrosslinkable hydrogel to subsequent three 
cut-repair cycles (1 cycle = 1 cut +1 recovery), the rheological prop-
erties were also studied following the method described above. 

Strep-strain test was also carried out measuring the storage and loss 
moduli of a hydrogel sample (CHIMe:HA 50:50 0.05 % LAP) at room 
temperature, fixing frequency at 1 Hz, during alternate cycles of 1 min, 
in which the hydrogel remained under strain below (0.1 %) and above 
(50 %) its deformation limit. This cut-recovery process was repeated 3 
times. 

2.3.8. Compressive stress/strain test 
Compression stress/strain tests were performed in an Metrotec FTM- 

50 texture analyzer using a 20 N load cell. Measurements were made 
with a compression rate of 1 mm/min until failure. Compression moduli 
were calculated from a linear regression on the strain-stress curves be-
tween 40 and 60 % strain. 

On the other hand, compression stress/strain tests were also carried 
out in self-healed hydrogels after increasing cut-recovery cycles (1–3). 
For this, samples were cut in two pieces that were put together at room 
conditions and instantaneously healed. 

2.4. Functional characterization 

2.4.1. In vitro biodegradation 
Freshly prepared CHIMe/HA hydrogel were immersed in phosphate- 

buffered saline solution at pH 7.4 at 37 ◦C. The mass loss along the time 
was registered as a quantification of the in vitro hydrolytic biodegrada-
tion (Eq. (5)): 

Mass loss (%) = 100 −
(

W0 − Wt

W0
× 100

)

(5)  

where W0 is the weight of the multi-crosslinked hydrogel at initial time 
and Wt at t∞. Three samples were evaluated for each data point. 

The enzymatic degradation was carried out as described above, but 
immersing hydrogels in 2 different enzymatic media: lysozyme or hy-
aluronidase at a concentration of 1 mg/mL. 

2.4.2. In vitro cytotoxicity assay 
Live/dead assay (ThermoFisher) was carried out with prepared 

hydrogels and employing mouse embryonic fibroblasts (MEFs). These 
cell were plated in a 24-well plate at a density of 2.105 cells/well, and 
cultured following standard conditions (37 ◦C and 5 % CO2) in a com-
plete medium (DMEM with 10 % fetal bovine serum and 1 % penicillin). 
The next day, CHIMe/HA hydrogels (5–10 mg) were sterilized under UV 
light for 1 h after being washed with D-PBS and dried, and finally added 
to the wells. Hydrogels were removed after 24 h and the cell cultures 
were washed with PBS and stained with Calcein-AM (2 μM), ethidium 

S. Maiz-Fernández et al.                                                                                                                                                                                                                       



International Journal of Biological Macromolecules 216 (2022) 291–302

294

homodimer (EthD-1, 4 μM) and NucBlue (Thermo Fisher R37605, 2 
drops/well). Fluorescence images of the blue (NucBlue), green (Calcein) 
and red (EthD-1) channels were acquired using a Leica DMi8 micro-
scope. Quantification of cell survival, calculated as the ration between 
red-stained and blue stained nuclei, was performed using Fiji software 
[29]. 

2.5. Statistical analysis 

Numerical data shown as mean ± standard deviation were con-
ducted with a minimum of n = 3. Statistical significance was determined 
by one-way analysis of variance (ANOVA) and Tuckey tests, using the 
OriginLab 9.1 software. Significance was defined for p < 0.05. 

3. Results & discussion 

3.1. Optimization of methacrylation process 

The chemical modification of pristine chitosan was carried out using 
a single reaction with methacrylic acid. As illustrated in Fig. 1A, the 
characteristic primary amine moieties (− NH2) of chitosan react with the 
carbonyl group of methacrylic anhydride by nucleophilic attack, which, 
as a result, leads to the formation of a new amide bond. To corroborate 
and quantify the introduction of the methacrylic group in the poly-
saccharide, FTIR and 1H NMR analyses were performed. 

Infrared spectra (Fig. 1B) of chitosan and modified chitosan evidence 
that the modification of chitosan to form photocurable polysaccharide 
takes place successfully. Regarding chitosan spectrum, the bands 
appearing at 1662 cm− 1 and 1595 cm− 1 are identified, which corre-
spond to amide I and amide II bands, respectively. In the same line, the 
twisting of CH2 and C–N stretching at 1418 cm− 1 and 1322 cm− 1 can be 
also observed. Accordingly, the overlaying of the spectra of pristine 
chitosan and methacrylated chitosan shows that the latter has the same 
characteristic bands, and at 1615 cm− 1 a new band is also observed, 
which corresponds to the stretching of C––C double bands resulting from 
the methacrylation process [9]. 

Further, in the 1H NMR spectra of chitosan (Fig. 1C) the signal cor-
responding to the methyl protons of the acetyl group of chitosan can be 
distinguished at 2 ppm, as well as the representative peaks of protons 

from the glucosamine ring between 2.8 and 3.9 ppm and the signal of the 
proton of the deacetylated part at 2.8 ppm. Additionally, regarding the 
1H NMR of the methacrylated chitosan, some additional peaks can be 
observed, corroborating the modification reaction. This is the case of the 
signals that appear at 5.6 and 6.2 ppm, which correspond to the hy-
drogens of the double alkenyl bond from the methacrylate moiety con-
jugated to chitosan. Moreover, an additional peak at 1.85 ppm is also 
observed, corresponding to the protons of the -CH3 moiety of the 
methacrylic groups. These spectral data are in good agreement with 
those reported in the literature [16,17]. The degree of modification can 
be quantified by the integration of the resonance signals of the four 
protons of the -C=C- bonds (5.6–6.2 ppm) with respect to the broad 
resonance band of the glucose ring from 2.8 to 3.9 ppm. 

The modification of chitosan was carried out varying the molar 
equivalents of the methacrylic anhydride with respect to the chitosan 
and the reaction time (Fig. 2). High values of methacrylation degree are 
preferred for photocrosslinking reactions in order to develop photo-
crosslinkable in situ forming hydrogels. However, methacrylation degree 
also influences a wide variety of properties, including mechanical and 
rheological properties and swelling, among others, that in turn, influ-
ence the processability and applicability of the hydrogels. 

Fig. 2 shows the influence of adding molar equivalents of meth-
acrylic anhydride and methacrylation times on the methacrylation de-
gree (MD). Up to 1:10 CHI:Methacrylic anhydride feed ratio, the 
methacrylation degree does not show a significant variation. Similarly, 
modification degree remains almost invariable after 24 h of reaction. 
Therefore, it was concluded that the reaction conditions that lead to the 
highest MD in the shortest time correspond to 1:20 CHI:Methacrylic 
anhydride feed ratio and 24 h reaction time. These conditions were used 
for the following studies. 

3.2. Optimization of the photopolymerization process of CHIMe 

The radical photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) has attracted great interest in 
recent years due to its high biocompatibility, and high molar extinction 
coefficient, which increases polymerization rate with light absorption 
capacity allowing rapid polymerization with visible light in the range of 
365–400 nm. 

Fig. 1. A) Reaction scheme for the synthesis of methacrylated chitosan, B) FTIR and C) 1H-NMNR spectra of unmodified and modified chitosan.  
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Photopolymerization begins by irradiating the sample composed of 
LAP and CHIMe with light of 385 nm (Fig. 2C). This light is absorbed by 
LAP molecules in the mixture, causing their dissociation into two radi-
cals. Subsequently, the free radicals attack the C––C group of the 
methacrylated chitosan, initiating the photopolymerization of the 
modified polysaccharide. Finally, a three-dimensional polymeric struc-
ture based on the crosslinking of the polymeric chains of methacrylated 
chitosan is obtained [30]. 

For the characterization of the photopolymerization process of 
CHIMe, different concentrations of photoinitiator have been used in 
order to study the influence of LAP on the physicochemical properties of 
the prepared hydrogels. As presented in Fig. 2D, an increase in LAP 
content produces an increase in the conversion degree of the hydrogel, 
varying from nearly 60 % in the case of the 0.01 % of LAP to 90 % in the 
case of 0.4 % of LAP. Conversion degree can be considered indicative of 
the crosslinking efficiency in the gels, being higher than 50 % in all the 
cases. In addition, tmax decreases considerably when photoinitiator 
content increases. 

Gelation times for the compositions with varying LAP concentrations 
were determined by the inverted vial method when they are at 5 mm 
from the 385 nm LEDs (Fig. 3A). Furthermore, rheological and me-
chanical properties of the CHIMe/LAP hydrogels were evaluated by 
frequency sweep and stress-strain test respectively, to investigate also 
the effect of photoinitiator content in the properties of chitosan-based 
hydrogels, as presented in Fig. 3B and C. 

A variation in the percentage of photoinitiator results in a noticeable 
variation in the gelling time of the gels (Fig. 3A) determined by the 
inverted tube test. The increase in the concentration of photoinitiator 

promotes the formation of free radicals, which, in turn, are responsible 
of guiding the photo-crosslinking process in order to achieve 3D 
hydrogels. As shown in Fig. 3A, an increase in LAP concentration (from 
0.01 % to 0.4 %) causes a 4-fold decrease in the gelation time which is a 
key factor since, as mentioned previously, it limits the precision of the 
printing process. 

Rheological results suggest (Fig. 3B) that all samples show gel-like 
behaviour since the values of the storage moduli are higher than loss 
moduli values in all frequency range (G′ > G′′). This behavour indicates 
that elastic properties of the analyzed materials predominate over the 
viscous ones, which is the typical behaviour of hydrogels. Collected data 
demonstrate that covalent network based on CHIMe/LAP are formed 
even with the lowest photoinitiator content (0.01 %). However, 
different values of the storage modulus were obtained for the prepared 
hydrogels which reveal a clear dependence of the rheological properties 
as a function of the concentration of the photoinitiator. In this sense, an 
increase in photoinitiator content in methacrylated chitosan/LAP 
hydrogel composition leads to an increase in the value of the storage 
modulus. As a result, the hydrogels prepared with a larger amount of 
photoinitiator (0.4 %) are also those that have larger storage moduli 
being 12 times greater than in the case of hydrogels that have a low 
content of LAP (0.01 %). It is important to note that although in Fig. 3 it 
is evident that the gels with 0.01 % LAP are those that present the 
weakest rheological properties, as the photoinitiator content increases, 
the difference between G' values becomes smaller. 

On the other hand, the influence of LAP concentration in the 
compression properties of the hydrogels is shown in Fig. 3C. It is 
observed that the compression deformation increases nonlinearly when 

Fig. 2. A,B) Influence of A) CHI:Methacrylic anhydride feed ratio (24 h) and B) Reaction time on the methacrylation degree of chitosan (1:20) (1H NMR determined). 
One-way ANOVA test with Tukey's multiple comparison test was used for the statistical analysis (p < 0.05). (*) No significant differences and (**) significant dif-
ferences C) Methacrylated chitosan-based hydrogels' photopolymerization process scheme and D) Curing conversion (α) of CHIMe/LAP hydrogels. 
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increasing compression stress, which is a typical non-linear behaviour of 
hydrogels. In addition, the gels with a lowest content of photoinitiator 
(0.01 %) are the softest hydrogels with fewer crosslinking points, 
increasing the percentage of LAP in the gel content, a strong increase can 
be observed in the mechanical stability of the hydrogels, making the 
hydrogels more rigid. In the case of the highest LAP concentrations (0.1, 
0.2 and 0.4 %) very similar mechanical properties were measured, that 
is in line with rheological data (Fig. 3B). These results and the potential 
use of these hydrogels as smart inks for applications in the biomedical 
area determine the optimum LAP concentration. Hence, higher quality 
printing is promoted with inks that become hydrogel as rapid as possible 
to prevent spreading. On the other hand, the presence of unreacted free 
radicals that are susceptible of being cytotoxic limits optimal LAP con-
centration [5]. Therefore, taking all this into account, LAP percentages 
of 0.05 and 0.1 are selected for the following tests as they offer fast and 
intermediate gelation times (20 and 10 s, respectively), as well as good 
mechanical and rheological properties, not very different from those 
gels with a higher percentage of photoinitiator. 

3.3. Synthesis and characterization of self-healable photocrosslinkable 
hydrogels 

Hydrogels with the ability to autonomously self-repair are highly 
interesting for a variety of applications and can be designed according to 
different properties in order to allow the repair process of the damage 
structure in the desired scale of time while maintaining mechanical 
integrity, among others. Despite polysaccharides are interesting candi-
dates, their self-healing ability is restricted to the presence of active 
functionalities that promote reversible and strong interactions. Photo-
polymerized methacrylate chitosan hydrogels are based on non-dynamic 
covalent bonds that were repeatedly established between the cross-
linking by the introduced methacrylic moiety on chitosan. Accordingly, 
once these links are damaged, they are irreparable due to their perma-
nent and non-reversible nature. Therefore, to achieve the self-healing 

capacity, it is necessary to add some functionality that interacts with 
elements of the formed network (Fig. 4A), such as the remaining un-
modified primary amine groups of chitosan. According to the 1H-RMN 
spectra of Fig. 1B, the unmodified –NH2 are about 60 % of the initial 
amounts of free amines in chitosan. These moieties confer to chitosan 
the ability to interact by electrostatic interactions, among others, with 
polyanions. This is the case of hyaluronic acid that has been incorpo-
rated to the previous formulation at varying CHIMe:HA ratio (70:30 and 
50:50), as is described in the experimental section. The electrostatic 
interactions between these two natural polysaccharides together with 
the covalent crosslinks between methacrylate moieties results on the in 
situ formation of doubly crosslinked photocurable hydrogels (Fig. 4A). 
Electrostatic interactions between the carboxylate group (-COO− ) of 
hyaluronic acid and amine (-NH3

+) of chitosan were favoured by 
adjusting the pH at an intermediate value between hyaluronic acid and 
chitosan pKa value, 2.9 and 6.5, respectively [31], in which ionization of 
both polymers is maximum. The photocurable hydrogels were prepared 
varying polysaccharides concentration (Table 1) and using the LAP 
concentrations selected in the previous section, 0.05 and 0.1 %, in order 
to optimize complexation and self-healing ability. 

Fig. 4B shows the FTIR spectra of pure hyaluronic and methacrylated 
chitosan, as well as the photocurable polyelectrolyte complex hydrogel 
formed by mixing upon UV light. As indicated before, the characteristic 
peaks of methacrylated chitosan appear at 1662 cm− 1 and 1595 cm− 1, 
which correspond to amide I and amide II bands. In the same line, the 
absorption band of C––C appears at 1615 cm− 1 indicating the presence 
of methacrylated groups. Hyaluronic acid also shows amide I and amide 
II bands and C–N stretching at 1671 cm− 1 and 1555 cm− 1, respectively. 
Furthermore, the asymmetric and symmetric stretching of carboxylate 
group appears at 1620 cm− 1 and 1415 cm− 1, and the stretching of C–N 
at a wavenumber of 1320 cm− 1. Regarding FTIR spectrum of the formed 
photocurable complex, a slightly shifted wide band with respect to the 
original polymers is observed between 1660 and 1600 cm− 1 which 
correspond to the overlapping of amide I bands of hyaluronic acid and 

Fig. 3. Influence of LAP content (%) in A) Gelation time, B) Storage modulus (G', filled circles) and loss modulus (G", open circles) of the prepared hydrogels in a 
frequency scan and C) Mechanical stability under compression stress/strain tests. 
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methacrylated chitosan. According to literature [31,32], this slight 
shifting of amide bands can be ascribed to the electrostatic interactions 
between two polysaccharides, which suggests that the complexation has 
taken place. Further, around 1414 cm− 1 and 1320 cm− 1 the character-
istic two bands that correspond with the symmetric stretching of the 
carboxylate group of hyaluronic acid and C–N of methacrylated chi-
tosan are also present [33,34]. Finally, the disappearance of the char-
acteristic absorption band of the C––C group of methacrylated chitosan 
at 1620 cm− 1 is another evidence that in addition to the complexation 
between the two polymers, the photopolymerization process has taken 
place successfully. 

Due to the double crosslinking, that combines both physical in-
teractions and covalent bonds, macroscopic networks are formed in situ 
giving rise to porous materials in all cases, in good agreement with the 
literature [18] (Fig. 4D–F). The prepared networks, which are similar to 
those characteristic of physical and covalent hydrogels, show a clear 

dependence of the morphology with the composition of the hydrogels, 
showing that the introduction of hyaluronic acid to CHIMe-based 
hydrogels strongly increases the crosslinking density together with the 
decrease of the pore size (Fig. 4D-F). Swelling factor (at physiological pH 
and temperature) of the hydrogels prepared at different photoinitiator 
(0.05 and 0.1 % w/w) and polysaccharides contents (0–100 % w/w) are 
shown in Fig. 4C. The swelling of the different hydrogels demonstrate 
that it depends considerably on the photoinitiator and the photocurable 
CHIMe content. The swelling factor of all samples decreases when 0.1 % 
of LAP was used in comparison with 0.05 % content. A higher amount of 
LAP (0.1 %) favours the photopolymerization process, which results in a 
higher number of crosslinking points that lead to smaller pores in the 
network, limiting water absorption. On the other hand, increasing the 
concentration of methacrylated chitosan (from 50 to 100 %), thus, 
decreasing the concentration of hyaluronic acid, leads to a lower 
swelling factor in all the samples with the same LAP content. This 

Fig. 4. A) Schematic representation of the formation of methacrylated chitosan/hyaluronic acid-based photocrosslinkable and self-healable hydrogel. B–D) SEM 
images of CHIME:HA B) 100:0 0.05 %, C) 70:30 0.05 %, D) 50:50 0.05 % E) FTIR spectra of pure hyaluronic acid, methacrylated chitosan and photocrosslinkable 
hydrogel and F) Swelling behaviour of the different photocrosslinkable hydrogels. 
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suggests that the covalent crosslinking predominates over the physical 
one. In the same line, a higher percentage of chitosan, that leads to 
covalent crosslinks in the hydrogel, results in lower pore sizes, a more 
compact structure and lower swelling factors. It is also important to 
highlight that the swelling does not only depend on the crosslinking 
density of the hydrogel. In fact, pore size is one of the most influential 
factors in swelling, however, it is not the only one. The addition of hy-
drophilic molecules, such as hyaluronic acid which is one of the most 
hydrophilic molecules in nature [35], in addition to leads to a higher 
crosslinking density, also increases the hydrophilicity of the material 
and, therefore, it leads to a larger ability to absorb water [36], which 
implies opposite effects. 

On the other hand, Fig. 5A shows the results obtained from the 
rheological measurements. In all cases, the value of G' is larger than that 
of G′′, which indicates a typical behaviour for hydrogels. Further, it is 
important to highlight the influence of the composition on the rheo-
logical behaviour of the material. The samples containing the highest 
amount of chitosan (CHIMe:HA 100:0 0.05 and 0.1 % LAP), which were 
also the hydrogels with the lowest swelling capacity, shown higher G' 
values. Indeed, a decrease in chitosan content, this is, an increase in 
hyaluronic acid content, promotes the formation of a larger number of 
physical bonds that reduces the possibility of developing covalent 
bonds, which results in a deterioration of the rheological properties. 
Nevertheless, it is noticeable that differences are larger between the 
compositions 100:0 and 70:30, than when the ratio was decreased from 
70:30 to 50:50. This effect can be ascribed to the substitution of CHIMe 
by hyaluronic acid in the feed, leading to a reduction of covalent link-
ages in the network but, at the same time, to an additional electrostatic 
crosslinking that is more noticeable when high HA content is incorpo-
rated (50 %). 

Fig. 5B shows the compression properties of the hydrogels, revealing 
that the compression modulus increases as the deformation increases, 
showing in all the samples the typical non-linear behaviour of hydrogels. 

On the other hand, and according to the rheological results, hydrogels 
based only in photocrosslinked chitosan (100:0 CHIM:HA 0.05 % LAP) 
are the most elastic ones. In all compositions, the increase of photo-
initiator feed leads to more rigid networks and higher Young modulus, 
as well as lower strains at breakage. However, the addition of hyaluronic 
acid, on the one hand, promotes the formation of electrostatic in-
teractions, but on the other hand, the loss of chemical crosslinking re-
sults in weakening the material and, therefore, leads to a decrease of the 
mechanical stability. These results are in line with the rheological results 
(Fig. 5A). 

As previously mentioned, the healing mechanism of CHIMe/HA 
photocrosslinkable hydrogels is expected as a consequence of the 
association-dissociation process between ionized amine groups of chi-
tosan and carboxylate groups of hyaluronic acid. Thus, in order to study 
the healing capacity of CHIMe/HA hydrogels, different hydrogels were 
synthesized in 30 s (longer photopolymerization time than the deter-
mined gelation times) and then were cut in two halves. Subsequently, 
two pieces were kept together and a few drops of water were added to 
facilitate the healing process. After 2 h all hydrogels were healed 
(Fig. 5C-F). 

Rheological oscillatory analyses were also carried out in order to 
investigate the self-healing process of the CHIMe/HA hydrogels. For 
this, samples were healed after being cut into two halves and this process 
was repeated for three consecutive cycles. After each cycle, rheological 
and mechanical measurements were collected (Fig. 6). 

As illustrated in Fig. 6A-D, G′ is higher than G′′ after every cut- 
recovery cycle in every hydrogel regardless the composition thus, 
demonstrating the elastic properties for all hydrogels. Furthermore, the 
obtained data demonstrate a quick recovery of the viscoelastic proper-
ties of the broken CHIMe/HA hydrogels due to the electrostatic in-
teractions based on the formation of polyanion-polycation bonds 
between the oppositely charged polysaccharides. As it can be observed 
in Fig. 6A-D, a slight loss of the storage modulus is observed in all cases 

Fig. 5. A) Rheological properties of CHIMe/HA hydrogels in a frequency scan being G′ storage modulus (filled circles) and G′′ loss modulus (open circles), B) 
Mechanical stability by compression stress/strain measurements and Self-healing process of hydrogels CHIMe:HA 50:50 with 0.05 % of LAP). 
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as the number of cycles of cut-recovery increases. 
Further, the ability to self-repair was also evaluated by the evalua-

tion of the mechanical stability of healed samples after different healing 
cycles (Fig. 6E-H). Compression tests show that, regardless the number 
of cut-recovery cycles, the deformability of the healed 50:50 CHIMe:HA 
0.05 % LAP (Fig. 6E) hydrogel was slightly reduced (from 80 to ~60 % 
of breakage strain), and in the case of hydrogels with 0.1 % LAP 
(Fig. 6F), the deformability oscillates around that of the original 
hydrogel. However, as presented in Fig. 6 G and H, hydrogels based on 
70:30 CHIMe:HA reveal a slight change in the stress required to be 
deformed, showing a larger impediment to recovering after being 
damaged. This fact could be ascribed to the fact that these hydrogels 
have larger amount of methacrylated chitosan in their composition, that 
is, more reactive moieties capable of photocrosslinking, increasing the 
mechanical stability of these materials. Furthermore, the composition of 
the hyaluronic acid in the hydrogels is slightly lower (~ 20 % w/w) 
which makes more difficult to establish the electrostatic interactions 
between two polysaccharides that are responsible for the mechanism of 
self-repair. 

With respect to the Young Modulus, and independently of the 
number of healing processes, higher values (CHIMe:HA 50:50 0.05 % 
LAP) and similar values (CHIMe:HA 50:50 0.1 % LAP, CHIMe:HA 70:30 
0.05 % and 0.1 % LAP) were obtained for repaired photocrosslinkable 
CHIMe:HA hydrogels in comparison with pristine networks. This is a 
typical behaviour of self-healable hydrogels mediated by electrostatic 
interactions between these two polysaccharides, according to the liter-
ature [18]. These results demonstrate the formation of a new material 
with suitable self-healing characteristics. 

As expected, the typical behaviour of a gel G′ > G′′ was inverted to 
that of a quasi fluid G′′ > G′, when hydrogel sample (50:50 CHIMe with 
0.05 % of LAP) was subjected to a strain above its deformation limit (50 
%) (Fig. 7). However, the total inversion of the moduli, G′ > G′′ was 
clearly observed when a deformation below the limit of the hydrogel 
was subsequently applied. Indeed, sample showed the ability to cycli-
cally recover the typical behaviour of stable gels (G′ > G′′) from that of 
the fluid or quasi-fluid (G′′ >G′), corroborating the self-healing ability of 
the material. 

3.4. In vitro hydrolytic and enzymatic biodegradation 

The study of degradation kinetics is a key factor since it directly af-
fects the stability of the materials and, therefore, its applicability in 
different areas such as controlled drug release or tissue engineering. 

Thus, the hydrolytic degradation profile at physiological conditions 
(pH 7.4, 37 ◦C) of the gels is presented in Fig. 8. In addition, since the 
materials are based on two natural polymers, the degradation profile 
was also studied in enzymatic media for formulations with 0.05 % LAP. 
On the one hand, lysozyme was used because it is an enzyme specifically 
used to catalyze the biodegradation of chitosan through the hydrolysis 
of β-(1,4) glycosidic linkages [37,38]. On the other hand, hyaluronidase 
was also used because it favours the hydrolysis of the linkages between 
N-acetylglucosamine and glucuronic acid [39]. 

The collected data in Fig. 8A-D shown the hydrolytic degradations of 
the synthesized hydrogels. Initially, it could be observed that the 
hydrogels with a larger swelling capacity are also the ones more stable 
against degradation (50:50 CHIMe: HA 0.05 % LAP). However, as the 
degradation time increases, a clear trend is no longer observed, being all 
samples completely degraded at a similar same time of around 21 days. 
Nevertheless, the addition of enzymes demostrate a strong effect on the 
degradation kinetics of the photocurable hydrogels, leading to a faster 
degradation. In general, in the enzymatic medium and, unlike hydrolytic 
degradation, a clear tendency can be observed depending on the 
composition ([40]; [15]). In the case of lysozyme, an increase in chito-
san content increases the speed of degradation. Thus, the hydrogels 
based solely on chitosan with 0.05 % LAP are completely degraded in 5 
days. The same effect can be observed when hyaluronidase is used and 
the content of hyaluronic acid in the composition of the hydrogel is 
higher, since the number of bonds susceptible to hydrolysing increases, 
while the covalent bonds based on chitosan decrease. This explains that 
the degradation in hyaluronidase is faster for the 50:50 CHIMe:HA gels 
(0.05 % LAP) than for those containing 70:30 CHIMe:HA (0.05 % LAP). 

3.5. In vitro cytotoxicity assay 

To evaluate the toxicity of the hydrogels, a fluorescence-based cell 
viability assay has been carried out. Specifically, the survival rate of 
murine embryonic fibroblasts (MEFs) was evaluated after incubation 
with CHIMe:HA gels using two concentrations of LAP (0.05 % and 0.1 
%). The ratio between cell nuclei stained with EthD-1 and those stained 
with NucBlue was used to determine the survival rate in each well. The 
results reveal no statistical differences between the groups (Fig. 8E, F), 
indicating a high biocompatibility of the CHIMe:HA gels, independently 
of the concentration of LAP used. 

4. Conclusions 

Photocrosslinkable hydrogels based on methacrylated chitosan and 
hyaluronic acidwith tailored, physico-chemical properties are here 
presented. Hydrogels based on CHIMe/HA show that lower photo-
crosslinkable chitosan content increases hydrophilicity and, therefore, 
endorsing hydrogels swelling, while mechanical and rheological prop-
erties, however, are improved increasing covalent crosslinking for high 
CHIMe contents. On the other hand, all hydrogels, despite their different 
swelling capacity, present a total degradation during the first 20–24 
days in a hydrolytic medium and 5–10 days in enzymatic medium with 
lysozyme and hyaluronidase. In addition, apart from biocompatibility, 
all hydrogels, demonstrated regardless their composition, an excellent 
and fast ability to self-recover their shape after being damaged. 

Fig. 6. Rheological results for A) 50:50 CHIMe with 0.05 % of LAP, B) 50:50 CHIMe with 0.1 % of LAP C) 70:30 CHIMe with 0.05 % of LAP and D) 70:30 CHIMe with 
0.1 % of LAP after different cycles of cut-recovery (storage modulus G', filled circles and loss modulus G", open circles) and Compression stress/strain results for A) 
50:50 CHIMe with 0.05 % of LAP, B) 50:50 CHIMe with 0.1 % of LAP C) 70:30 CHIMe with 0.05 % of LAP and D) 70:30 CHIMe with 0.1 % of LAP after different 
cycles of cut-recovery. 

Fig. 7. Consecutive inversion of G′ and G′′ during step-strain measurement 
alternating deformation cycles below-above-below the deformation limit of the 
gel at 1 Hz along the time. 
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Fig. 8. Degradation profiles in A) hydroltic media of different hydrogels and enzymatic degradation of B) 100 % CHIMe based hydrogel with 0.05 % of LAP C) 70:30 
CHIM:HA based hydrogel with 0.05 % of LAP and D) 50:50 CHIMe: HA based hydrogel with 0.05 % of LAP. E) Biocompatibility of the CHIMe:HA hydrogels 
polymerized in the presence of different amounts of LAP. One-way ANOVA test with Tukey's multiple comparison test was used for the statistical analysis (p < 0.05). 
Cell survival after 24-h incubation with CHIMe:HA gels showed no statistical differences (*) from control wells without hydrogel and F) Fluorescence images of the 
blue (NucBlue, cell nuclei), green (calcein, cytoplasm of live cells, control) and red (EthD-1, nuclei of dead cells) cultured in CHIMe:HA 100:0 with 0.05 % 
LAP content. 
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