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A B S T R A C T

In this study, a series of hydrogels were synthesized from chitosan(s) that was crosslinking with glutaraldehyde at different concentrations. Ascorbic acid in an acidic
medium was used to facilitate non-covalent interactions. The chitosan(s) was obtained from shrimp cytoskeleton; while ascorbic acid was extracted from xoconostle
juice. The hydrogel reaction was monitored by UV–vis spectroscopy (550 nm) to determine the reaction kinetics and reaction order at 60 ◦C. The hydrogels structures
were characterized by NMR, FT-IR, HR-MS and SEM, while the degree of cross-linking was examined with TGA-DA. The extracellular matrices were obtained as stable
hydrogels where reached maximum crosslinking was of 7 %, independent of glutaraldehyde quantity added. The rheological properties showed a behavior of weak
gels and a dependence of crosslinking agent concentration on strength at different temperatures. The cytotoxicity assay showed that the gels had no adverse effects on
cellular growth for all concentrations of glutaraldehyde.

1. Introduction

Chitin is considered the second most abundant polysaccharide, just
below cellulose. Monika Yadav et al. [1] and Michel Cauchie et al. [2]
reported in 2019 that the annual production of chitin by freshwater
arthropods was 280 million tons, while athalassohaline ecosystems were
6 million tons, and for marine ecosystems 1328 million tons. On the
other hand, Núñez-Gómez and co-workers reported that the quantity of
shrimp waste was of 20 tons in 2003 and the annual production of chitin
alone is about of 170 thousand tons [3]. On the other hand, shrimp shell
contains about 30–50 % minerals matter, 30–40 proteins and 20–30 %
chitin. Furthermore, it is known that around 60 % of whole shrimp is
by-products (head and hard carapace) after processing [4]. Almost all of
shrimp waste is burned or thrown in the garbage on the beaches causing
problems of environmental pollution and odors problems by the

bacterial decomposition of shrimp waste [5].
However, seafood waste has high added-value polysaccharides, as

chitin, proteins, free amino acid, carotenoid pigments, unsaturated fatty
acids, flavours, enzymes, animal nutrition, remotion of metallic ions,
dyes, and organic solvents that can be isolated by chemical and
biochemical methods [6–15]. Specifically, chitin and its deacetylated
form chitosan(s) display a wide range of applications, e.g., in food,
cosmetics, agriculture, medical, biomedical and paper industry, among
others [16–20].

It is well known that chitosan(s) has properties of biodegradability,
biocompatibility, low immunogenicity, non-toxicity and antimicrobial
action [21,22].For this reason, it can be used in the synthesis of extra-
cellular matrices which provides a structural scaffold by means of a
network of interactions. These interactions are involved in the formation
of supramolecular assemblies and in cell-matrix interactions that
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Contents lists available at ScienceDirect

Carbohydrate Research

journal homepage: www.elsevier.com/locate/carres

https://doi.org/10.1016/j.carres.2024.109216
Received 28 November 2023; Received in revised form 8 July 2024; Accepted 11 July 2024

mailto:mcoreat@yahoo.com.mx
mailto:rjimenezj@ipn.mx
www.sciencedirect.com/science/journal/00086215
https://www.elsevier.com/locate/carres
https://doi.org/10.1016/j.carres.2024.109216
https://doi.org/10.1016/j.carres.2024.109216
https://doi.org/10.1016/j.carres.2024.109216
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carres.2024.109216&domain=pdf


Carbohydrate Research 543 (2024) 109216

2

regulate cell growth and behavior [23]. Therefore, the synthetic extra-
cellular matrices (SECM) have some similarities to the natural extra-
cellular matrices and try to mimic their biological activity. For this
reason, they could have potential applications in regenerative medicine
[24–26].

A disadvantage of chitosan(s) is only soluble under acidic conditions
and its gels have poor mechanical properties. Therefore, chitosan(s) is
required to be cross-linked by physical and/or chemical methods to
improve its the mechanical properties, degree porosity, water absorbing
capacity, permeation ability, among others [27–29].

The chitosan(s) can be crosslinked by means of physical interactions
or chemical reactions using different cross-linking agents. For example,
El-Dib and co-workers [30] synthesized cross-linked hydrogels able to
absorb high quantity of water and other fluids. These gels were made
first coupling chitosan(s) (CS) with maleic anhydride (MA) to obtain
cross-linker N-maleyl chitosan(s) (N-MACS). After that, the obtained
gels were crosslinked with acrylic acid (AA) and acrylamide (AM) using
ammonium persulfate as catalyst in basic medium for to obtain N-maleyl
poly(acrylic acid-co-acrylamide (NMACH P(AA-co-AM). In the same
way, Johana Galan and co-workers [30] cross-linked chitosan(s) with
glutaraldehyde and evaluated its ability to remove anionic dyes from
industry wastewater. On the other hand, Minji Kim and co-workers [31]
coupled chitosan(s) and hyaluronic acid through of 4-hydroxyphenyl-
acetic acid promoting the reaction with Streptomyces avermitilis-derived
tyrosinase with the purpose of encapsulating the Pancreatic-β cells for
type 1 diabetes therapy. Another example, it is the work developed by
Veino Risto Shaumbwa and co-workers [32]. They built magnetic chi-
tosan(s) combining metal oxides as magnetite (Fe3O4) and evaluated its
potential application to remove heavy metal ions from wastewater.
Likewise, Yaping Wang et al. [33] made to react functionalized anionic
aldehyde, hyaluronic acid-cationic and hydroxyethyl chitosan(s) with
the purpose to be applied in therapy of breast cancer. On the other hand,
Fatemeh Doustdar et al. [34] synthesized a physical scaffold of chitosan
(s) and cellulose using calcium chloride as crosslinking agent. The pre-
pared scaffold was used to release a curcumin drug. Gerald Draeger et al.
[35] applied the Click reaction between the chitosan(s) and oxa-
norbornadiene derivatives by under metal free strategy, while Barreiro
and Santameria-Echart and co-workers [36] made crosslinked chitosan
(s) microspheres by means of physical interactions and chemical bonds.
For that, sodium tripolyphosphate was used as physical cross-linking
agent and vanillin as chemical cross-linking agent with the purpose to
encapsulate active principles, gases and compounds with bad odors. An
ingenious proposal was made by Mohammed Elhag et al. [37] who
cross-linked chitosan(s) with ethyl 5-(2,5-dihydroxy-1,4-dioxa-
n-2-yl)-2-methylfuran-3-carboxylate and its anti-proliferative activity
was evaluated. In case of bone tissue engineering, Jue Hu et al. [38] built
a scaffold from chitosan(s)-vanillin-bioglass through of physical and
chemical phenomena which had good potential application in the tissue
repair.

In this work, the synthesis of hydrogels by non-covalent intermo-
lecular interactions between chitosan(s) (CS) previously extracted of
shrimp cytoskeleton and ascorbic acid is reported. The ascorbic acid was
extracted from xoconostle juice which comes from a natural source,
instead of acetic acid using in the synthesis of SEMC reported in previous
works [39].

Fig. 1. Chitosan potentiometric titration.

Fig. 2. Comparison between spectrum FT-IR of commercial and extracted
chitosan(s).

Fig. 3. Photographs of hydrogels of chitosan(s)-xoconostle juice and different concentrations of glutaraldehyde: A) 4 wt%; B) 6 wt%; C) 8 wt%; D) 10 wt%; E) 12
wt%.
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Xoconostle fruit (Opuntia xoconostle F. A. C. Weber ex Diguet, cv
Cuaresmeño) grows in arid and semi-arid climates and is used as a
condiment in the Mexican cuisine and for preparation of candies, jellies,
beverages, gravy, among others. The fruit has three parts: the epicarp
(the skin), the mesocarp (pulp) and the endocarp (where the seeds are
tightly packed together in a mucilaginous structure). Despite being a
fruit widely used in different food areas, it is sometimes considered a
waste food, so this work proposes to take advantage of the fact that
xoconostle juice contains ascorbic acid that can be used as a physical
crosslinking agent for hydrogels [40]. It is important to mention, it is the
first time that the xoconostle is used as physical crosslinking agent in the
synthesis of hydrogels. The mesocarp is the edible part and contains high

concentration of ascorbic acid 20.63 ± 0.32 mg/100g fresh weight [41,
42].

The obtained hydrogels in this work were characterized by Fourier-
transform infrared spectroscopy (FT-IR), scanning electron microscopy
(SEM) and thermogravimetry (TGA). The degree of cross-linking of the
hydrogels was determined by Soxhlet techniques and the rheological
properties such as loss and storage modulus were measured to determine
the gel strength. Finally, the cellular viability and cytotoxicity of ob-
tained materials were also evaluated with Human Mesenchymal stem
cells (MSCs).

Fig. 4. Synthetic extracellular matrices formed by physical and chemical intermolecular covalent and non-covalent interactions, between chitosan(s), glutaraldehyde
and ascorbic acid from xoconostle juice.

Fig. 5. Glutaraldehyde conversion as a function of time for the hydrogels with
4 wt % (●) and 10 wt % (■).

Fig. 6. Crosslinking percentage of hydrogels.

G. Martínez-Mejía et al.
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Fig. 7. NMR spectra of chitosan(s) extracted.

Fig. 8. NMR spectra of hydrogel at 4 wt%.
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2. Materials and methods

2.1. Materials

The used chitosan(s) was obtained from the shrimp cytoskeleton.
Purchased chitosan(s) and 2,4-dinitrophenylhydrazine (99 %) obtained
from Sigma-Aldrich (Iceland), ethyl acetate, methylene chloride from
Sigma Aldrich (USA), hexane (99 %), ethanol (99 %) and acetone (99 %)
from Alveg (Mexico), and glutaraldehyde (25 wt%) from Merck (Ger-
many). Distilled water grade II was used as solvent and xoconostle
(Opuntia joconostle) from Teotihuacan Mexico was used as reaction
media.

2.2. Methods

2.2.1. Extraction of chitosan(s)
The used chitosan(s) was obtained from the shrimp cytoskeleton. For

that, 50 g of shredded cytoskeleton was added to 400 mL of sodium
hydroxide solution (5 wt%) and they were heated at 60 ◦C during 2 h.
The resulting suspension was filtered and washed with water until
neutral pH. The product was dried at 75 ◦C. After that, the material was
treated with 50mL HCl (1 M; 1:3) at room temperature. Themixture was
stirred by 30min. The obtained suspension was filtered and washed with
water until neutral pH. The obtained solid was dried at 75 ◦C. The ob-
tained chitin was de-acetylated with 1 L NaOH solution (50 wt/v%); 1:3
at 90 ◦C and stirred during 1 h. The obtained chitosan(s) was washed
with distilled water until neutral pH and was dried at 75 ◦C and its
melting point was determined by melting point apparatus Electro-
thermal FQI-136.

2.2.2. Potentiometric titration
To determinate the degree of deacetylation, chitosan(s) samples

(0.05 g) was dissolved in a 1 % acetic acid solution. This solution was
titrated with a 0.1 M NaOH solution, measuring pH with a pH-meter

CONDUCTRONIC PC 45. Potentriometric tritations were made by
triplicate.

2.2.3. Preparation of xoconostle juice
The xoconostle juice was used as reaction media because to its high

content of ascorbic acid. For that, the shell and seeds of cactus were
removed. The obtained pulp was cut in pieces of 2 cm and, 500 g of it
was washed with 500 mL of hexane during 4 h. After that, the mixture
was suspended with 200 mL of distiller water and filtered to obtain the
xoconostle juice.

2.2.4. Preparation of hydrogel
The hydrogels were prepared with 0.03 g of chitosan(s) and 1.5 g of

xoconostle juice. The mixture was stirred and heated at 60 ◦C. Different
aliquots (0.05, 0.1, 0.15, 0.20 and 0.25 mL) of glutaraldehyde (1.25 %
aqueous solution) were added dropwise and the reaction mixture was
stirred during 1 h at room temperature. The obtained viscous solution
was cooled in an ice-water bath between 0 and 2 ◦C to form the
hydrogel.

Fig. 9. FT-IR of hydrogels: 4 wt.% ( ) and 12 wt. % (—) with cross-
linking agent.

Fig. 10. Freeze-drying of hydrogels with 4, 6, 8, 10 and 12 wt% of crosslinking agent.

Fig. 11. Thermogravimetric analysis of hydrogels with 4 (▬) and 10 (■) wt %
of glutaraldehyde.
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2.2.5. Determination of the reaction conversion between chitosan(s) and
glutaraldehyde

The method to determine the reaction conversion has been reported
in a previous work [41]. Briefly, the reaction between chitosan(s) and
glutaraldehyde was monitored by UV–vis spectroscopy at 550 nm in a
PerkinElmer Lamda 25 UV–vis double beam spectrophotometer (Model
643, USA), 0.5 g samples every 5 min. Samples were extracted with 2 mL
of methylene chloride under vigorous agitation and then, 2 mL of
ethanol and 2 mL 2,4-dinitrophenylhydrazine of acid alcoholic solution
(DNP) were added to the organic phase and the mixture was stirred. The
samples were analyzed by UV–vis spectroscopy and the glutaraldehyde
conversion was determined.

2.2.6. Freeze-drying
The obtained hydrogels were freeze-dried in stages in a Labconco (S/

M Series FJMJ98, USA) lyophilizer. For that, 1.5 g of each SECM sample
was taken to first freezing step took place at 10 ◦C for 30 min. After-
wards, a vacuum of up to 89 × 10− 3 mBars was applied and the second
thermal stage of − 46 ± 0.1 ◦C lasted 1.5 h. Finally, the temperature was
elevated to 30 ± 0.1 ◦C and maintained for 1.5 h.

2.2.7. NMR studies
One-dimensional (1D) 1H NMR spectra were recorded at 499.85MHz

on a Varian (now Agilent) NMR System 500 spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Samples of 30 mg of chitosan
(s) extracted and a 30 mg of hydrogel with GA at 4 wt% were dissolved
in deuterated acetic acid. As a reference for the 1H NMR chemical shifts,
the signals of non-deuterated solvent residues were set at δ = 2.04 ppm
for acetic.

2.2.8. FT-IR analysis
The hydrogel samples were analyzed by FT-IR on a PerkinElmer

infrared spectrophotometer (Model 720 X, USA) using a double beam.
The apparatus was equipped with attenuated total reflectance ATR
reflectance Ge accessory PerkinElmer, model Frontier with energy of
176 U E (Waltham MA, USA). Spectra of the samples were recorded in
transmission mode over the near infrared spectroscopy region between
of 400–4000 cm− 1. Samples were weighed around 0.05g and scanned 4
times at 30 ◦C.

2.2.9. Mass spectroscopy analysis
Fresh hydrogel samples were examined by high-resolution mass

spectrometry (HR-MS) on a mass spectrophotometer with micrOTOF II-
Q and electrospray ionization (BrukerDaltonisc, Billerica, MA, USA).

2.2.10. Degree of crosslinking analysis
Briefly, 1.5 g hydrogel samples were washed with ethyl acetate. The

degree of crosslinking (D) of the insoluble part of hydrogel was calcu-
lated gravimetrically by means of equation:(1)

%D=
Wg

W0
x100 (1)

whereWg is the sample weight after the wash andW0 is the initial mass
[39].

2.2.11. Thermogravimetric analysis
Derivate thermogravimetric analysis (DA-TGA) of the hydrogels was

carried out on a 6000 PerkinElmer simultaneous thermal analyzer
(Germany). A 0.5 g sample was heated from 25 to 500 ◦C at a rate of 10
◦C/min under nitrogen atmosphere.

2.2.12. Rheological properties analysis
Rheological properties were evaluated with a Modular Compact

Rheometer (model MCR 502, Anton Paar, Austria) using PP25 parallel
plate geometry (25 mm diameter, 0◦). A sample of 1.5 g was placed in
the center of the bottom plate. The upper plate was immediately lowered
to a gap of 1 mm and the measure was performed. The analysis was
made at 30, 35 and 40 ◦C. The set of experiments were determinate by
performing a shear strain (γ) range from 0.01 to 10 %, a range of fre-
quencies from 100 to 0.1 rad/s and an angular velocity (ω) at 10 rad/s.
The rheological properties were measured to determine the flow
behavior of hydrogels and linear viscoelastic range, the measurements
were made at 30, 35 y 40 ◦C.

2.2.13. Scanning electron microscopy (SEM) analysis
Surface morphologies and crosslinking sections of the CS scaffolds

were frozen with liquid nitrogen and a vacuum was applied for 24 h.
Subsequently, they were covered with gold and observed on a JEOL JSM
6400 field-emission scanning electron microscope (USA) at 5 kV.

Fig. 12. Dynamic strain sweep analysis of hydrogels with 4 wt % (■) and 10 wt % (●) of glutaraldehyde. Ǵ (solid symbols) and Ǵ́ (open symbols).

G. Martínez-Mejía et al.
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2.2.14. Cytotoxicity assay analysis
The cytotoxicity and viability tests were made with Human Mesen-

chymal stem cells (MSCs) which were isolated from Wharton’s jelly
explants. The explants were cultured in DMEM-F12 medium supple-
mented with 10 % FBS and 1 % penicillin-streptomycin at 37 ◦C and 5 %
CO2. The culture mediumwas replaced every 2 days and after 2 weeks of
culture, the explants were removed. MSCs were cultured until reaching
approximately 80 % confluence, and the cells were detached with 0.05
%/0.02 % trypsin/EDTA.

Thin layers samples of gels were put on 0.5 × 0.5 mm coverslip

frames and were put in 48-well plates and sterilized by UV irradiation
and washes with ethanol (70 %). Subsequently, 10 μL of cell suspension
in DMEM-F12 was seeded onto gels samples (10,000 cells per sample)
and incubated for 1 h at 37 ◦C. Finally, 500 μL of DMEM-F12 were added
to the gels and they were maintained at standard culture conditions.

After 3 days, the viability of MSCs was evaluated with a live/dead
viability -cytotoxicity kit for mammalian cells (Thermo Fisher Scientific,
Canada). The cell-seeded gels were rinsed with PBS solution and incu-
bated with Calcein AM and ethidium homodimer solution for 1 h at 37
◦C. Live cells were stained green with calcein, while the nuclei of dead

Fig. 13. Frequency sweep analysis of hydrogels with 4 wt.% (=), 6 wt. % (n), 8 wt.% (p), 10 wt.%(ê) and 12 wt.% (¿) of glutaraldehyde. Ǵ (solid symbols) and Ǵ́
(open symbols).

G. Martínez-Mejía et al.
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cells is red, thus providing the basis of the fluorescence live/dead assay.
In addition, the MSC viability the overall cell morphology was observed
by epifluorescence microscopy (Nikon Eclipse 80i, Tokio Japan).

3. Results and discussion

3.1. Chitosan(s) extraction

The chitosan(s) was extracted from the shrimp cytoskeleton and it
was obtained as a beige solid with a weight of 38 g (75 % yield) and a
melting point of 103.4 ◦C, corresponding to a chitosan with an average
molecular weight of 170 kDa [43].

3.2. Potentiometric titration

The degree of deacetylation of chitosan(s) was determined by acid-
base titration with a 0.1 M NaOH solution. The variation of the pH of
the chitosan(s) solution was plotted as a function of the added volume of
NaOH. The titration curve (Fig. 1) was obtained, where two equivalent
points could be distinguished. The first point at 2.5 mL of NaOH added,
which corresponds to the neutralization of excess acetic acid (H+ + OH−

→ H2O). The second point at 5.4 mL attributed to the protonation of the
amine groups of the glcosamine residues of chitosan. At acidic pH, the
primary amino groups are protonated, and upon addition of NaOH
during titration, they are neutralized (-NH3+ +OH− → –NH2 + H2O) and,
therefore, their concentration can be quantified [44].

The degree of deacetylation (DD) was calculated from the following
equation proposed by Perez et al.

DD=161
(
10− 3

)
(y − x)

(
M
w

)

where 161 is the molar mass of the monomeric unit of fully deacetylated
chitosan(s) (g mol− 1), y and x are the second and first equivalent points
(mL), respectively, M is the concentration of the NaOH solution (mol
L− 1) and w is the weight of chitosan(s) (g) [44]. The obtained DD value
was 93.38 %.

3.3. Chitosan(s) extraction FT-IR

The chitosan(s) was analyzed by FT-IR and compared with the pur-
chased chitosan (s) (Fig. 2). The spectrum of extracted chitosan(s) shows
a wide band at 3317.20 cm− 1 corresponding to OH and other at 1638.17
cm− 1 of the carbonyl, characteristic of acetamide groups (HN–COCH3)
belonging of chitosan(s). The FT-IR results were confirmed with the
spectrum of purchased chitosan(s), where these bands appear at the
same wavenumber.

3.4. Hydrogel synthesis

Xoconostle juice was obtained as an opaque rose liquid with a vol-
ume of 250 mL with 50 % yield. A series of extracellular matrices were

prepared with the extracted chitosan(s), xoconoxtle juice (as the
ascorbic acid medium) and glutaraldehyde. The samples were synthe-
sized by triplicate. The glutaraldehyde was used as crosslinking agent
and its concentration was changed between 4, 6, 8, 10 and 12 wt%.
Fig. 3 shows the photographs of obtained materials. It can be observed
that all hydrogels have a slight salmon color characteristic of xoconoxtle
juice. The photographs show that all the materials were stable because
they do not present runoff and lumps in their structure; except the
hydrogel with 4 wt% of glutaraldehyde (A). This could be attributed to
the quantity of crosslinking agent is not sufficient to form a good gel.

A possible scheme of gel formation is shown in Fig. 4, The formation
of three-dimensional network inside the hydrogel is due to covalent
bonds between chitosan(s) and glutaraldehyde and non-covalent in-
teractions between chitosan(s) and ascorbic acid. In addition, it has
reported that the amino groups of chitosan(s) are protonatable in the
acidic media, whereas the acidic hydroxyl groups of ascorbic acid allow
the ionic interaction [45].

3.5. Hydrogel reaction kinetics

The conversion of glutaraldehyde as a function of time was followed
according of a method reported in a previous work [41], to understand
the synthesis of hydrogels where, a sample of reaction was taken every 5
min and a quantity of DNP was added to form a yellow complex color
with the unreacted glutaraldehyde. The obtained sample was measured
in a Uv–vis instrument at 553 nm. The obtained result was compared
with a calibration curve previously built. The conversion results of
hydrogels with 4 and 10 wt% of crosslinking agent as a function of time
are shown in Fig. 5 as an example, because these concentrations
glutaraldehyde were considered as the extreme values. The plot shows
that the materials with 4 wt% almost reach a 50 % of conversion during
the first 12 min of reaction. After this point, the glutaraldehyde con-
version is slow, while the materials with 10 wt% had a conversion of 80
% at the first 5 min and the complete conversion was reached after 100
min. This behavior was the slower, if these results are compared with
those reported in a previous work [41] where the hydrogels of chitosan
(s) and glutaraldehyde were synthesized in presence of acetic acid. This
behavior could be attributed to gels made with xoconostle juice do not
allow the diffusion of glutaraldehyde inside of hydrogel at high con-
versions, decreasing the crosslinking reaction rate. Other explanation is
that may be the carbonyl group of the amide could had been arrested for
non-covalent interactions with the ascorbic acid. For this reason, the
used glutaraldehyde as crosslinking agent was not consumed totally.

3.6. Hydrogel crosslinking degree

The crosslinking degree was obtained for every hydrogel using a
Soxhlet system. The materials were washed with ethyl acetate and the
insoluble part (crosslinked polymer) was separated and weighted. After
that, the crosslinking percentage was calculated using equation (1). The
obtained results are shown in Fig. 6. It is observed that the materials

Fig. 14. Microscopy images of the surfaces of scaffolds lyophilized containing 4 wt%(A), 8 wt%(B) and 12 wt%(C) of the crosslinking agent.

G. Martínez-Mejía et al.
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reached a maximum value of crosslinking of 7 %. This value was inde-
pendent of quantity of glutaraldehyde added. This same behavior is
presented for the hydrogels with 8, 10 and 12 wt% which confirms the
obtained results in the conversion curves and attributed to the compo-
sition of xoconostle juice [41].

3.7. NMR studies

The 1H NMR spectrum of the extracted chitosan(s) (Fig. 7) showed a
quadruplet around δ = 3.00 ppm, multiple signals at δ = 4.00 ppm
corresponding to CS. These signals are also coincided with the spectrum
of pure glucosamine as well as bibliographical data.

The 1H NMR spectrum of the hydrogel crosslinking at 4 wt% were

Fig. 15. Fluorescence micrographs of fibroblast cells onto hydrogels with the crosslinking agent at 4 wt% (A), 6 wt% (B), 8 wt% (C), 10 wt% (D) and 12 wt% (E). Live
cells are visible as green, dead cells are observed as red.

G. Martínez-Mejía et al.
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presented in Fig. 8. It showed the same signals of chitosan(s) and the
appearance of a signal in δ = 5.00 ppm attributed at presence of ascorbic
acid (O–C–H) of xoconostle juice.

3.8. Hydrogel FT-IR

The hydrogels were analyzed by FT-IR to confirm the crosslinking
degree. Fig. 9 shows the spectra of gels synthesized with xoconostle with
4 and 12 wt% of glutaraldehyde as an example, because all the materials
have the same shape. In both cases, a band attributed to the imine is
observed at 1635 cm− 1 because the crosslinking reaction between chi-
tosan(s) and glutaraldehyde. In addition, there is not bigger difference in
the absorption intensity when the crosslinking agent concentration is
increased. This could be attributed to a limit in the crosslinking reaction
when is carried out in presence of xoconoxtle juice as reaction medium,
because the chitosan(s) and ascorbic acid from xoconoxtle form a salt
and anchor the hydrogel [46]. This could explain why there is no change
in the absorption band at 1635 cm− 1 when the glutaraldehyde concen-
tration is increased and confirms the obtained results of swelling degree.

3.9. Freeze-dried hydrogel

The hydrogels were also freeze-dried in stages. For that, a sample was
taken and freezing at 10 ◦C. Afterwards, a vacuum was applied, and
temperature was lowered at − 46 ± 0.1 ◦C. Finally, the temperature was
elevated to 30± 0.1 ◦C. Fig. 10 shows the photographs hydrogels freeze-
dried. It is observed that all obtained materials presented a light-yellow
color and their appearance is as a sponge with a cork type texture, where
the porosities are by the sublimation water contained into the gels
before the treatment.

3.10. Hydrogel thermogravimetric

The fresh hydrogels were also analyzed by thermogravimetric tech-
niques. Fig. 11 presents the results of hydrogels with xoconostle with 4
and 10 wt% of glutaraldehyde. The thermogram for both samples show a
first weight loss at temperatures close to 50 ◦C attributed to the loss of
contained water into the sample. After that, there is a continues weight
loss until reach the total decomposition of material which is observed at
150 ◦C for the hydrogels with 4 wt% of glutaraldehyde, while for the
material with 10 wt% of crosslinking agent this decomposition point was
observed at temperature close to 178 ◦C. This difference is attributed to
the quantity of crosslinked chains for each sample. For other hand, the
bibliography has been reported decomposition temperatures of chitosan
(s)-glutaraldehyde up 200 ◦C. This behavior could be attributed first to
the crosslinked degree of materials, because the concentration of
glutaraldehyde these works are higher than those obtained in this work.
Second the average molecular weight of obtained chitosan(s) for this
work could be lower than those reported by bibliography, because it was
extracted from the shrimp cytoskeleton in the laboratory [46,47].

3.11. Rheological properties

The rheological properties were measured to determine the flow
behavior of hydrogels and linear viscoelastic range, the measurements
were made at 30, 35 y 40 ◦C. The elastic modulus (G′) denoted by solid
symbols and the viscous modulus (G″) marked with open symbols for
hydrogels containing 4 % and 10 % of crosslinking agent are presented
in Fig. 12, as example. Parameters include shear strain (γ) ranging from
0.01 to 10 % and angular velocity (ω) at 10 rad/s.

For clarity, it is important to note that G′ represents the energy stored
during physical or shear stress (i.e. the solid phase of the hydrogel),
while G″ corresponds to the dissipated energy during physical/shear
stress (i.e. the liquid phase of the hydrogel). Across all cases, the results
consistently indicate that G′ surpasses G″, affirming the prevailing elastic
nature of these materials. Moreover, a rapid decrease in G′ at lower

stresses is evident, characteristic of a weak gel behavior, as previously
reported [46,47]. A dependence of crosslinking agent concentration on
strength at different temperatures was also observed. For example, the
hydrogel with 10 wt% of glutaraldehyde at 40 ◦C presented the higher
modulus than the hydrogel with 4 wt% of crosslinking agent.

The frequency sweep analysis allows to evaluate the stability of gels.
Short-term behavior is simulated by rapid motion (high frequencies) and
long-term or rest behavior by slow motion (low frequencies). The elastic
modulus (G′) as solid symbols and the viscous modulus (G″) as open
symbols for all hydrogels across a range of frequencies from 100 to 0.1
rad/s are presented in Fig. 13. It is noteworthy that in all materials, the
curves of G′ consistently exhibit higher values than the G″ curves. These
curves also appear to form nearly parallel straight lines throughout the
entire frequency range, showing only a slight slope. This behavior could
define a consistency at rest and long-term storage stability in the ma-
terial. With exception of the gels with 4 wt% of glutaraldehyde, all
hydrogels present modulus above 10 Pa, denoting the gel stability [46].

Furthermore, by conducting this rheological test insights into the
“rigidity” or the degree of crosslinking within the gels. Hydrogels with a
higher degree of crosslinking will exhibit a correspondingly higher
plateau value of G′ in the low-frequency range. An example of this, is
observed in the hydrogels containing 12 wt% of glutaraldehyde.

3.11.1. Scanning electron microscopy (SEM) analysis
The morphology of freeze-dried hydrogels was examined by SEM.

Micrographs of the hydrogels containing 4 wt% of crosslinking agent
(Fig. 14A) show flat and corrugated surfaces while hydrogels containing
8 wt% (Figs. 14B) and 12 wt% (Fig. 14C) of the crosslinking agent show
greater porosity, apparently because the lyophilization process.

3.12. Hydrogel cytotoxicity

The cytotoxicity of gels was evaluated using calcein and ethidium
homodimer staining. For the viability assay. The esterase activity in
alive cell was evaluated by fluorescence of calcein while the cell mem-
brane permeability was evaluated with ethidium homodimer taking
account that dead cells present a damaged membrane. The samples were
observed in an epifluorescence microscope. The obtained images are
shown in Fig. 15. The results show that the gels did not have effect on
MSCs for all concentrations of glutaraldehyde, except to 8 wt%
(Fig. 15C) where dead cells were observed (Fig. 15C). The viable cells
were on the surface of gels, indicating that MSCs were attached to the
biomaterials. A typical fusiform morphology of MSC in normal cell
culture was observed. In addition, round morphology cell was appreci-
ated in gels with 4, 6 and 8 wt % of glutaraldehyde.

4. Conclusions

A series of hydrogels from chitosan(s) extracted of shrimp cytoskel-
eton and glutaraldehyde in presence of xoconostle juice as source of
ascorbic acid were synthesized. The yield of extracted chitosan(s) was
75%. This was confirmed with FT-IR results, where are showed the same
absorption bands that purchased chitosan(s). When the percentage of
crosslinking agent in the hydrogels was quantified, the results showed
that only the 7 wt % of glutaraldehyde was incorporated into the
hydrogels, for theoretical crosslinking agent concentrations higher than
8 wt%. This was attributed to the formation of a salt between chitosan(s)
and ascorbic acid from xoconostle, anchoring them to the polymeric
hydrogel. This was also |corroborated by FT-IR results. The rheological
properties confirmed the weak gel formation and there is an influence of
crosslinking agent in the strength of gel at 40 ◦C. The SEM images
confirm highly porous structures. In addition, the viable cells were on
the surface of gels, indicating that MSCs were attached to the bio-
materials. According to the obtained results, the synthesized hydrogels
could be considered promising biomaterials in regenerative medicine.
Their ability to promote wound healing and their biocompatibility offer

G. Martínez-Mejía et al.



Carbohydrate Research 543 (2024) 109216

11

significant advantages. However, it is crucial to address limitations such
as the variability of physicochemical properties and the need to optimize
stability and degradation. These challenges represent research oppor-
tunities to further boost their clinical application. Ultimately, the com-
bination of the unique properties of these hydrogels could revolutionize
the field of regenerative medicine, offering new solutions for the treat-
ment of injuries and chronic diseases.
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