RESEARCH ARTICLE

W) Check for updates

M1aiecu
Olecular
Materials and Engineering

www.mame-journal.de

Influence of Natural Crosslinkers on Chitosan Hydrogels for

Potential Biomedical Applications
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Francisco J. Ostos, and Victor M. Perez-Puyana

Chitosan (CH) is a very well-known biopolymer that has been widely used for
the development of biomaterials with a wide range of applications in the
biomedical field, such as the preparation of hydrogels, owing to its
outstanding anti-inflammatory, antibacterial and antifungal properties,
biocompatibility and biodegradability, although they present limited
mechanical properties. Chemical crosslinking is one of the most recurrent
strategies for the reinforcement of these structures and, above all, crosslinking
with natural-origin compounds that do not compromise their biocompatibility
is considered a hot topic in this research field. D-fructose (F), obtained from
the hydrolyzation and further isomerization of starch, an abundant raw
material and genipin (G), which is extracted from the fruits of Gardenia
Jjasminoides Ellis are used as natural crosslinkers. Chitosan-based hydrogels
crosslinked with each crosslinking agent are prepared and characterized
through Fourier transform infrared (FTIR) spectroscopy, crosslinking and
swelling degree determination, rheological, microstructural, and biological
studies. The results demonstrate that crosslinking with G is more beneficial
for chitosan-based hydrogels since these samples showed more compact
structures and better rheological performance. Additionally, excellent
biological in vitro behavior due to the crosslinking with G, unlike that of F.

have promoted the development of mate-
rials and treatments that continuously im-
prove previous alternatives and solve some
of the problems raised in research areas,
such as controlled wound healing, drug
delivery, and tissue engineering, among
others.l!l For the satisfactory fulfillment
of the requirements of these applications,
hydrogels have attained striking attention
due to their semisolid phase and inher-
ent flexibility, as well as their great ab-
sorption capacity, which makes them ca-
pable of absorbing water over thousands
of times their dry weight of water without
losing their structural integrity.[**] Due to
this excellent water content, hydrogels are
quite friendly to water-rich biological envi-
ronments, especially in human tissues.[*
These hydrogels also excel among other al-
ternatives due to many interesting proper-
ties, such as their mechanical performance,
excellent biocompatibility, adhesion, degra-
dation, self-healing, and environment re-

1. Introduction

In recent decades, humanity has witnessed significant advances
within the field of biomedicine, where multiple investigations

sponsivity, which can be adjusted and con-

trolled by their composition and/or prepara-

tion method.l>®! In fact, chitosan (CH) gels
at a pH over 6.5, alginate can form gels with calcium ions and
gelatin can be dissolved at high temperatures (>50 °C), subse-
quently gelling after cooling to temperatures close to 0 °C.[7-!
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Regarding the materials used, it is expected that, in the near
future, research in the field of hydrogels for biomedical ap-
plications will be focused on the exploitation of biopolymers
obtained through environmentally friendly methodologies that
minimize the waste of resources."”! Among them, CH is one of
the best-known biopolymers used for the development of hydro-
gels, mainly due to its structure and versatility. It is composed
of repetitive units of D-glucosamine and N-acetyl-D-glucosamine
connected by f-(1,4) linkages.'!) CH is obtained from the par-
tial deacetylation of chitin, which is the most abundant natu-
ral amino polysaccharide in the world, by strong alkali treat-
ment at high temperatures.l''"13] These features grant CH re-
markable properties, such as biocompatibility, biodegradability,
mucoadhesiveness, as well as its anti-inflammatory, antibacte-
rial, and antifungal properties.'**] However, while it is true
that CH is one of the best candidates for hydrogel forma-
tion, its mechanical properties may not be sufficient for ap-
plications that require higher tensile strength or better heat
resistance.[151¢]

To overcome these limitations, one of the most recurrent
strategies is the crosslinking of hydrogels.l'”'8] Hydrogels can
be classified as chemically or physically crosslinked, depend-
ing on their intermolecular interactions. Therefore, the so-
called “chemical” or “permanent” are those that make up co-
valently crosslinked networks. On the other hand “physical”
or “reversible” hydrogels are those whose crosslinked struc-
tures are based on hydrogen bonds, hydrophobic, or ionic
interactions.[1%2% In this sense, selecting appropriate crosslink-
ing strategies and crosslinkers is very important to obtain
chitosan-based hydrogels with enhanced mechanical properties
and expand their application in the biomedical field.[1-2}] There-
fore, the chemical crosslinking method can be carried out us-
ing either naturally or synthetically derived crosslinkers to form
strong covalent bonds. Synthetically derived chemical crosslink-
ers have the limitation of the possibility of inducing cytotoxic-
ity. In addition, there is a considerable risk involving the un-
reacted crosslinkers, which might remain inside the scaffolds,
causing biocompatibility issues.[?*?] For this reason, the employ-
ment of natural crosslinkers is an increasing trend. The main
advantages of natural crosslinkers are their low cost in most
cases and their lack of cytotoxicity, although most crosslinkers
are not as efficient as most synthetic crosslinkers. The most fre-
quently used natural crosslinkers are genipin, enzymes, citric
and tannic acid, and some sugars such as glucose, sucrose, and
fructose.[2+26:27]

Genipin (G) is the most frequently used natural crosslinker,
despite its high cost, for the development of crosslinked bio-
materials, due to its outstanding biocompatibility, biodegrad-
ability, and stability of the resulting crosslinked products.[?¢-28]
Hydrolysis with g-glucosidase of geniposide isolated from the
fruits of Gardenia jasminoides Ellis produces the monoter-
penoid genipin (methyl 1-hydroxy-7-(hydroxymethyl)—1,4a,5,7a-
tetrahydrocyclopenta [c]pyran-4-carboxylate). Compared to other
chemical crosslinkers, G is significantly less toxic.[?3% The re-
sulting crosslinked complexes are not cytotoxic for the animal
and human cells so far examined. The safety and beneficial ac-
tions of genipin emerge from a number of research projects
in the areas of therapies for diabetes, periodontitis, cataract,
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hepatic dysfunction, as well as in wound repair and nerve
regeneration.3!! It is widely accepted that G is characterized by
its high selectivity, as it can only react with primary amine groups
rather than secondary or tertiary ones,?®l making it interesting
for crosslinking reactions with proteins or CH. Particularly, G
can form bifunctional crosslinks with CH molecules, obtaining
blue-colored, fluorescent hydrogels.??] Thus, two separate reac-
tions lead to the formation of crosslinks with the primary amine
groups of CH, as shown in Figure 1. The fastest and, thereby, first
reaction to occur is the nucleophilic attack of the G C3 carbon
atom from a primary amine group that leads to the formation of
a heterocyclic compound of G linked to the glucosamine residue
of CH. The second reaction is the nucleophilic substitution of
the ester group of G to release methanol and form a secondary
amide link with CH. Acid catalysis is necessary for the reactions
to occur and it has been proved to take place in the same way
with gelatin and bovine serum albumin.****] In addition, G ex-
hibits biocompatibility, biodegradability, and low cytotoxicity that
is 10 000 times lower than glutaraldehyde. Besides, the ability
of the cells to multiply after contact with genipin is 5000 times
higher than glutaraldehyde. G also gives rise to materials with
increased mechanical properties and a better swelling capacity,
while the degree of crosslinking of the hydrogels can be regu-
lated by changing the pH value of the reaction medium.l

On the other hand, fructose is a well-known carbohydrate
present in different vegetables, fruits, and honey. It is an isomer
of glucose, which can be obtained through hydrolyzation of the
starch extracted from different cereals using microbial enzymes
on glucose. Through an isomerization process, it becomes fruc-
tose, specifically D-fructose (F).3>-7] Reducing sugars can un-
dergo chemical crosslinking and D-fructose was selected on the
basis that among the natural crosslinking agents based on sugar
molecules, it presents a higher degree of crosslinking due to a
higher degree in the Maillard reaction that takes place.[>383° The
Maillard reaction, also called nonenzymatic browning, is a mild
reaction of amino groups in the presence of the carbonyl groups
of sugars.[**#1l Therefore, nucleophilic amino groups of CH re-
act with carbonyl groups of the reducing saccharides, forming
a Schiff base.[*>#3] After Schiff base formation, two possible re-
arrangements can occur depending on the reducing sugar. The
Amadori rearrangement engages a reaction between an aldehyde
group, such as glucose and the amino group of CH. In contrast,
the Heyns rearrangement follows the same pattern but engages
a ketose, such as fructose (Figure 1), while generating two pos-
sible epimers.[*] Thus, CH can be modified by the Maillard re-
action with sugars, thereby changing its physical and biological
properties.[**]

The objective of this work was to comparatively evaluate the ef-
fect of two well-known natural crosslinkers, namely G and F, on
the structure and both the rheological and biological properties
of chitosan. To this end, different amounts of both crosslinkers
were added to assess the effect of this variable on the crosslinking
degree, which is a fundamental property that has a great impact
on the target properties. Therefore, each resulting hydrogel was
characterized to determine its microstructure, as well as its rhe-
ological and biological performance. The comparison of the ob-
tained results of the crosslinked hydrogels with each other and
between each crosslinker represents the novelty of this article.
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Chitosan crosslinked with Genipin
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Figure 1. Schematic representation of the reactions between genipin and fructose with chitosan.

2. Experimental Section

2.1. Materials

CH (My, = 130 000 g mol~'; deacetylation degree = 75-85%)
was provided by Sigma-Aldrich (Darmstadt, Germany). Acetic
acid was employed as a solvent in a 0.05 M solution (pH = 3.2).
Additionally, 4 M sodium hydroxide (NaOH) spray solution was
used to increase the pH of the solutions during the preparation
process. These reagents were provided from Panreac Quimica
S.A. (Barcelona, Spain). F (>99%) and G (>98%, extracted from
Gardenia jasminoides) were used as crosslinkers; they were sup-
plied by Sigma-Aldrich S.A. (Darmstadt, Germany) and Guangxi
Shanyun Biochemical Science and Technology Co. (Liuzhou,
China), respectively.

2.2. Hydrogels Preparation

The different hydrogels were prepared following the protocol in-
dicated in previous work,[** with the addition of the two com-
pounds that performed as crosslinking agents. Specifically, in
this process, the biopolymer and the crosslinkers were primarily
dissolved with agitation at 50 °C to improve chain mobility and
favour the interconnection of the biopolymeric chains,!*! as well
as to guarantee a better interaction with the crosslinking agents,
consequently attaining a better polymerization [*¢! with a theo-
retical improvement of the final properties.['] In brief, 20 mL of
1.5 wt% CH solutions were prepared using 0.05 M acetic acid. The
crosslinking agents (F and G) were also added in different con-
centrations (0.5, 1, and 2 wt% with respect to the total amount of
biopolymer) to study the influence of the crosslinker amount on
the crosslinking degree and, consequently, on the properties of
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the resulting hydrogels. Subsequently, the solutions were mag-
netically stirred at 50 °C for 1 h. Afterward, the solutions were
subjected to a neutralization stage, increasing pH from 3.2 to 7
by adding 4 m NaOH with a sprayer. Finally, the samples were
kept in a refrigerator at 4 °C for 24 h to enhance gelation. To fa-
cilitate the reading of the codes of each hydrogel, Table 1 lists all
those used throughout this study.

2.3. Hydrogels Characterization
2.3.1. Chemical Characterization

The chemical bonds formed in each crosslinking reaction were
analysed by Fourier-transform infrared spectroscopy (FTIR) us-
ing a Hyperion 1000 spectrophotometer (Bruker, Santa Clara,
CA). For this analysis, hydrogels were freeze-dried (<15 Pa
for 24 h, LyoQuest, TELSTAR, Barcelona, Spain). Afterward,

Table 1. Codification of the crosslinked chitosan hydrogels with 0.5, 1, and
2 wt% of D-fructose and genipin.

Crosslinker Crosslinker amount Codification
[wt9%]

None 0 CH

Fructose 0.5 CHFO0.5
1.0 CHFI1
2.0 CHF2

Genipin 0.5 CHGOS
1.0 CHGI1
2.0 CHG2
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samples were introduced in an ATR diamond sensor to obtain
their corresponding infrared profile, between 4500 and 600 cm™!
with an opening of 4 cm™! and an acquisition of 200 scans. Base-
line correction was performed by measuring without the sample.

2.3.2. Crosslinking Degree

The degree of crosslinking was assessed slightly modifying the
procedure of Huber et al.l¥’] Thus, 1 mL of ninhydrin reagent
(consisting of 75 mL of dimethyl sulfoxide, 300 mg of hydrin-
dantine, 2 g of ninhydrin, and 25 mL of a 4 M sodium acetate
solution) was added to 1 mg of the freeze-dried hydrogels. The
reaction mixture was incubated for 20 min in boiling water and
subsequently cooled down on ice bath to room temperature. Be-
fore the measurement, 500 uL of the reaction mixtures were sta-
bilized with 2500 pL of 50% v/v of 2-propanol, and the absorbance
was measured at 570 nm with a spectrophotometer Genesys-
20 Thermo Spectronic (Thermo Scientific, Waltham, MA). CH
without crosslinker (hence no possible crosslinking) was used as
blank. The optical absorbance of the solution is proportional to
the number of free amino groups in the test sample. The degree
of crosslinking was calculated according to Equation (1)
CHb]ank - CH

CcD (%) — o c‘rosslinkedx 100 (1)
blank

where CHy,,; represents the mole fraction of free NH, groups
of CH without crosslinking agent and CH_, gineq 1S the mole
fraction of free NH, groups of CH with crosslinking agent.

2.3.3. Swelling Properties

For the determination of the swelling degree, the tea-bag method
was used, as described by Zhang et al.,[*®! with slight modifica-
tions. An initial mass of hydrogel (W,) between 0.4 and 0.6 g was
employed. Subsequently, the hydrogel was placed in a tea bag and
the bag was immersed in an excessive amount of distilled water
(100 mL) for 24 h, taking measurements at 0.5, 1, 4, and 24 h.
For each measurement, the tea bag was placed on a dry cloth
and gently rubbed with another dry cloth to remove excess lig-
uid. Next, the bag was weighed (W,). W, was determined follow-
ing the same procedure with an empty bag. The swelling capacity
at time t was calculated using Equation (2)

W, — W, — W,
(W, 1 0)X10

S =
t W()

0 2)

2.3.4. Rheological Characterization

To determine the rheological features of each hydrogel, three dif-
ferent shear tests were performed using a AR 2000 oscillatory

Compound — treated LDH activity — Spontaneous LDH activity
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® Strain sweep tests: The strain range analyzed was established
between 0.1% and 100% strain at a constant frequency of 1 Hz
and 20 °C. The main objective of this test is the determi-
nation of the linear viscoelastic range (LVR) and the critical
strain (maximum strain that the hydrogel can bear within the
LVR).

® Frequency sweep tests: The selected frequency range for these
tests started from 0.02 to 20 Hz at a constant strain within
the LVR (2%) at 20 °C. Elastic and viscous moduli (G and
G”, respectively) were obtained, along with the loss tangent
(tané = G”/G’). Furthermore, for a better comparison of the
results, the values for G’ and tané at 1 Hz (G’; and tan(s),)
were tabulated as representative ones.

® Temperature ramp tests: The temperature ramp was fixed
from 10 to 40 °C at increasing temperature by 5 °C min~! at
constant frequency (1 Hz) and strain (2%). These tests were
conducted to assess the properties and stability of the hydro-
gels both at suitable storage temperatures and at body temper-
ature (even in feverish conditions).

2.3.5. Microstructural Characterization

Prior to the analysis, hydrogels were freeze-dried (<15 Pafor 24 h,
LyoQuest, TELSTAR, Barcelona, Spain). In addition, the samples
were coated with a thin layer of palladium-gold using a Leica
AC600 metallizer (Leica Microsystems, Wetzlar, Germany) and
subsequently observed in a Zeiss EVO microscope (Pleasanton,
CA) at an acceleration voltage of 10 kV. A digital processing free
software (FIJI Image-J, National Institutes of Health, Bethesda,
MD) was used to calculate the mean pore size and the pore size
distribution of the selected hydrogels.

2.3.6. Biological Characterization

In vitro CyQUANT LDH cytotoxicity assay was used to estimate
the cytotoxicity of hydrogels at 36 h according to the manufac-
turer’s instructions (Invitrogen from Thermo Fisher Scientific,
USA). U937 (human leukemia monocytic cells), Vero E6 (normal
monkey kidney epithelial cells), Jurkat (human T leukemia cells),
U20S (human osteosarcoma epithelial cells), and HeLa (human
cervical carcinoma epithelial cells) were used as cell lines (ATCC,
USA). All of them were seeded at 10° cells per well in Nunc
flat-bottomed 96-well plates (ThermoFisher Scientific, USA) fol-
lowing the protocol described in the previous studies.[*>-!] Cyto-
toxicity was determined by fluorescence in a CLARIOstar (BMG
LABTECH, Germany). Each hydrogel concentration (wt%) was
measured in triplicate and the tests were repeated thrice inde-
pendently. Cell viability was calculated using the following Equa-
tion (3)

% Cell viability = 100 — ( [

rheometer (TA Instruments, New Castle, DE) with parallel ser-
rated plate-plate geometry (diameter: 40 mm).
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Maximum LDH activity — Spontaneous LDH activity

X 100) (3)

Cell viability was also checked using the trypan blue
method.l>?!

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWID A0 8ot jdde ayy Aq peusenob a1e ssolle VO ‘8sN JO SainJ o} Akeid8uljuO 3|1 UO (SUOTPUOO-PUR-SWBIALI0D" A3 1M AeIq Ul |UO//SdhY) SUORIPUOD pue S8 1 8y} 88S [202/S0/TE] Uo AkeiqiTauljuo A8 |IM B|11nes 8a PepisleAluN AQ SETO0EZ0Z BWeW/Z00T OT/I0PW00 A8 | ARe.d 1jpulUo//:SAnY Wouy pepeojumoa ‘ZT ‘€202 ‘vS0Z6ErT



ADVANCED
SCIENCE NEWS

M8

Olecular
Materiols and Engineering
— D

www.advancedsciencenews.com

The hemocompatibility assay of the hydrogels at 4 h was exam-
ined in Red Blood Cells (RBCs), obtained at the Regional Center
for Blood Transfusion and Tissue Bank Sevilla-Huelva (Seville,
Spain). They were isolated in vacutainer tubes containing EDTA
from 3 healthy human donors (BD, Franklin Lakes, NJ). RBCs
were isolated by centrifugation at 1800 rpm for 5 min and the
stock solution was prepared according to the protocol mentioned
in the previous study.’!! The hydrogels were evaluated at the
same concentration (wt%) values selected for in vitro cytotoxicity
assays. The positive control was ACK Lysing Buffer (Gibco from
Thermo Fisher Scientific, USA) and 1X PBS (Gibco from Thermo
Fisher Scientific, USA) was used as negative control. The in vitro
hemolytic effect of hydrogels was examined following the instruc-
tions described in the previous work.>!l Each hydrogel concentra-
tion (wt%) was measured in duplicate and the tests were repeated
thrice independently. Finally, absorbance was read at 540 nm, and
the hemolysis percentage was calculated following Equation (4)

www.mame-journal.de

peaks in the F spectrum, such as ACCH + 6OCH (1330 cm™),
vCO + vCC + §CCC (1148 cm™!), vOH + vCH, associated with
sugars (1052 cm™'), vCO 4+ 6CCO (974 cm™!), and 6CCO + 6CCH
(781 cm™!), among others, which do not disappear in the CH F
1 spectrum. Due to the low amount of crosslinker, the signal of
the latter bands ends up being included in the CH bands. This is
another fact that justifies the crosslinking reaction, as this inclu-
sion leads to an increment of some bands, such as the vOH and
VNH band (3600-3000 cm™1), sNH (1549 cm™), and 6CH,OH
(1407 cm™!), due to the consequent increase in alcohol groups in
the crosslinked structure of the resulting hydrogel.[27:36:5455]

On the other hand, Figure 2B depicts the spectra obtained for
the different proposed crosslinking reactions with G, thus repre-
senting the CH, G, and CH G 1 profiles. The G profile was also
very similar to those observed in the literature.?2] A clear and
consistent fact proves that the proposed crosslinking reaction in
Figure 1 took place. First, and most importantly, the disappear-

Compound — treated Hemoglobin release — Spontaneous Hemoglobin release

% Hemolysis =

2.4, Statistical Analyses

For each measurement, at least three replicates were performed.
t-tests and one-way analysis of variance (p < 0.05) where used
for statistical analyses, using PASW Statistics for Windows (Ver-
sion18: SPSS Inc., Endecott, NY). In addition, standard devia-
tions and significant differences were calculated for selected pa-
rameters with a confidence level of 95% (p < 0.05), indicating
them using different letters and symbols in the tables when nec-
essary.

3. Results and Discussion

3.1. FTIR Characterization

First, it was essential to verify that the crosslinking reactions be-
tween F and G with CH occurred, as proposed in Figure 1. For
this purpose, FTIR measurements of the raw materials and se-
lected hydrogels (1 wt% of crosslinking agent as representative)
were performed. Figure 2A shows the spectra obtained for CH, F,
and CH F 1. The resulting profiles for CH and F were very similar
to those observed in works published by other authors.3¢33]

The spectrum obtained for the CH F 1 hydrogel shows nu-
merous differences compared to the CH and F profiles, which
could indicate that a reaction took place, specifically the one pro-
posed above. The most determining fact to demonstrate that the
reaction has taken place is the appearance of two characteristic
bands of C=N bonds (R-CH=N-R’ at 1678 cm™' and § C=N at
792 cm™!).5* The formation of the imine bond would mean that
this crosslinking reaction follows the mechanism of the Mail-
lard reaction, leading to the Schift base formation as previously
proposed (Figure 1) for the reaction between sugars and amino
groups of CH.I?] Tt is worth mentioning that there are several

Macromol. Mater. Eng. 2023, 308, 2300195 2300195 (5 of 13)
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x 100 (4)

ance of the signal attributed to the stretching of the C=C bond
of the carboxymethyl group (1679 cm™'), and the consequent in-
crease in the intensity of the amide bands I and II (1646 and
1549 cm™, respectively), demonstrate that the amino groups of
CH reacted with the carboxymethyl groups of G, forming sec-
ondary amides. In addition, the overlap between the C=0 stretch-
ing band in secondary amides (1646 cm™!) with the C=C stretch-
ing of the olefin ring in G (1621 cm™) caused the amide band I
to become slightly broader in curve, as reported by Reay et al.[32!
Second, the formation of these secondary amides is also demon-
strated by the absence of the signals attributed to the asymmetric
stretching of C—O—C of methyl ester (1297 and 1104 cm™!). This
group would disappear after the amidation reaction.32>4]

3.2. Crosslinking and Swelling Degree

After verifying that the proposed crosslinking reactions took
place, the next logical step was determining the extent of these
reactions. For this purpose, crosslinking assays were carried out
as described in the Experimental Section and the results are gath-
ered in Table 2.

As can be observed, there was a similar trend between both
crosslinkers, where only 0.5 wit% of added crosslinker led to
around 20% of crosslinking degree. Subsequently, by increasing
the amount of crosslinker up to 1 wt%, the highest crosslink-
ing values were achieved, namely 32.5 and 31.1 for F and G,
respectively. However, contrary to what can be expected, a fur-
ther increase in the amount of crosslinker up to 2 wt% did not
imply greater crosslinking, but rather the opposite, with CD de-
creasing to values similar to those obtained for systems with
0.5 wt% of crosslinker in the case of F. Although, in G did not
show significant differences between 1 and 2 wt%. Neverthe-
less, this decay effect when increasing the amount of crosslinking
agent has also been observed in previous studies with different
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Figure 2. FTIR spectra of chitosan with D-fructose and the hydrogel of
chitosan crosslinked with 1 wt% of fructose A) and with genipin and the
corresponding hydrogel B).

crosslinking agents, where results showed that, depending on the
crosslinking agent and biopolymer, an increase in the amount
of crosslinking agent can cause saturation during the formation
of the network and, consequently, less interconnection between
polymer chains.['>>¢=8] In addition, the bioavailability of active
amino groups to enable crosslinking may also be hampered due
to steric hindrance between those residues or the degree of ion-
ization. The latter has an important contribution to swelling and

www.mame-journal.de

mechanical properties, as it would have a direct effect in the equi-
librium between the degree of crosslinking and the mixing poten-
tial, which at the same time is directly affected by temperature,
polymer volume fraction and the interaction between the poly-
mer and the solvent, as reported by Jahren et al. (2010).1>"]

It is well-known that CD has an important influence on the
structure and, thus, on the properties of hydrogels.[®®! In the case
of SD, whose values are collected in Table 2 from 0.5 to 24 h, it can
be observed that both crosslinkers exert a different effect on this
property when crosslinked with CH. Regarding the systems with
G, it can be observed that the results present a trend similar to
that shown for CD; that is, the highest swelling degrees through-
out the test were those obtained for the hydrogels with 1 wt%
(CH G 1) G. Additionally, doubling the amount of crosslinker up
to 2 wt% (CH G 2) led to a slight decrease in SD, similar to what
was observed by Dimida et al., who reported that increasing the
number of fixed charges on the polymer network increases the
hydrogel swelling capacity, which, on the other hand, decreases
by increasing the ionic strength of the external solution.[®!l This
fact was mainly due to the neutralization of the fixed charges by
the free charges present in the outer solution, thus reducing both
the repulsion effect between polymer chains and the osmotic con-
tribution to the swelling due to the Donnan contribution, which
explains why CH G 1 displays a greater swelling capacity than
CH G 2.1 In addition, these two systems presented a better SD
throughout the whole test compared to the bare CH hydrogel, ex-
cept for the measurement of 24 h for the CH G 2 system, which
lost the ability to take up water after the first hour. No fructose-
crosslinked chitosan hydrogel improved the degree of swelling
of bare chitosan. The system with the highest SD was 0.5 wt%
F and, the results obtained with G, a decreasing tendency was
observed in this property as the amount of F was increased.

3.3. Rheological Evaluation

Rheological tests were carried out for each system as indicated in
the Experimental Section. First, it was necessary to determine the
critical strain (Table 3) in order to determine the linear viscoelas-
tic range to select a suitable strain for the subsequent frequency
sweep tests, aiming to obtain information on the stability of the
hydrogel network.[%?] The results obtained from these frequency
tests are shown in Figure 3, along with the temperature ramp
tests, which were performed to explore variations when the tem-
perature was increased from a suitable storage temperature to an
estimated range for body temperature (37 °C).

Table 2. Crosslinking Degree (CD) and Swelling Degree (SD) progression in time of the crosslinked chitosan hydrogels with D-fructose and genipin.

Crosslinker Crosslinker CD [%] SD 0.5 h [%] SD 1h[%] SD 4 h [%] SD 24 h [%]
amount [wt%]

None 0 0 42.1+0.6 99.9+0.3 923+03 108 +0.3

Fructose 0.5 20.8 +0.7 18.1+0.8 81.7+0.3 92.1+0.2 87.6 +0.7
1.0 325+06 279+ 0.4 50.1+0.3 60.9+0.3 71.9+0.4
2.0 20.3 £ 0.6 7.72 +0.2 52.8+0.5 489+0.2 64.9 + 0.4

Genipin 0.5 19.3 +0.6 1.04 £0.2 474+ 03 38.6+0.3 426+0.2
1.0 31.1+06 95.8+0.3 149+ 0.2 159+ 0.2 169 + 0.2
2.0 30.5+0.5 87.0+0.6 124 + 0.6 110 +0.5 99.6 + +0.5
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Table 3. Critical strain, elastic modulus (G’;), and loss tangent (tan &;)
measurements at 1 Hz of chitosan-based hydrogels crosslinked with dif-
ferent amounts of D-fructose and genipin. Different letters (a—d; A-E; |-
I11) as superscripts were included to denote significant differences in the
values shown in each column (p < 0.05).

Crosslinker Crosslinker Critical G’y [Pa] tan 6 []
amount [wt%)] strain [%)]

None 0 1.0182 11227 0.050 =+ 0.020'

Fructose 0.5 5.144b< 16978 0.092 + 0.002"
1.0 8.193% 2901¢ 0.076 + 0.004"!
2.0 3.245¢ 490.2° 0.075 + 0.008""

Genipin 0.5 10.34b4 2906¢ 0.075 + 0.003"
1.0 12.394 3568F 0.075 + 0.005"!"
2.0 13.724 2685¢ 0.078 + 0.003"!

Figure 3A shows the results obtained for the CH hydrogels
crosslinked with F, while Figure 3B represents the results ob-
tained for G. In all cases, G’ values were significantly higher than
the G” values, which indicated a predominantly elastic response
of the systems, and thus, hydrogels with a very slight dependence
on frequency were obtained since both G’ and G” values slightly
increased when submitted to increasing frequency.l®*%* Delv-
ing into the obtained results, a similar trend can be observed in
Figure 3A,B, in which the minimum concentration of crosslinker
(0.5 wt%) is sufficient to improve, even slightly in the case of F,
both moduli compared to the bare chitosan hydrogels.[* Further-
more, by increasing the amount of crosslinkers up to 1 wt%, this
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improvement was greater and more noticeable, while further in-
creases in the amount of crosslinking agent (2 wt%) caused both
moduli to decrease, obtaining lower values than those of bare CH
in the case of F. This tendency in the results is consistent with
that observed in the results of the crosslinking tests; thus, it can
be asserted that the rheological properties are strongly related to
the degree of crosslinking.[®>%?] For a better comparison of the
effect that each crosslinking agent exerted on the CH hydrogels,
the values of critical strain and both elastic modulus and loss tan-
gent at 1 Hz (G'; and tan(6),) are shown in Table 3.

From the results in Table 3, it can be observed that both
crosslinkers, regardless of their concentration, improved both the
critical strain and G’ of bare CH, although G produced a more sig-
nificant improvement. As was previously stated, the results of the
rheological tests are consistent with the crosslinking degree re-
sults, although it should be noted that no significant differences
were observed for the critical strain values obtained with G, which
are higher than those obtained for hydrogels with F. The same
occurred with G’, whose results follow the same trend observed,
and more resistant and stable hydrogels were obtained when CH
crosslinked with G, obtaining higher G’ values compared to F. In
fact, the highest value obtained with F (CH F 1) was very similar
to those obtained with the lowest and highest concentration of
G. Regarding the loss tangent results, minimal differences were
found between the systems in all cases, being under 0.1, which
means that strong and consistent hydrogels were obtained.[*”]

Therefore, it was verified that F had a beneficial effect on the
rheological properties of CH, as has been in other biopolymer-
based hydrogels based on biopolymers, such as collagen and

B 10
NYYS A EEEEEEEER)
10°4 ...lllllllllllll
—_ 8
a_u 88000860888 AAM8BA4KA
T 10 944
- 0 0O0O0DDODOODDODOOQOOTSG OQao
o
o
10'4 %G G G
0 = 0o
05 ¢ o©
1 A &
2
10° : ; \
10? 10" 10° 10’
Frequency / (Hz)
D *
AAAAMAAMAAAAAA AMAAAAAAMAAMAA A AAMAL
TETCE VSO0 MOV IR IR NP IR P 90O
10°{ ouusenssEEEEEEEEsEREEEESEmEmEEE-E
=y QAL LA ABDDABLAL LA ALADAL MDA LAD DAL LA
< 10°] wWomowoooooomoo0ONOmEMmomomo
o
G 1
107 %G G G
0 = O
05 ¢ o©
1 4o &
A
10" +— T T ; T T 7

10 15 20 25 30 35 40
Temperature (°C)

Figure 3. Frequency sweep tests and temperature ramps of CH hydrogels crosslinked with different amounts of fructose A,C) and genipin B,D).
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Figure 4. Macroscopic and SEM images of the reference chitosan hydrogel A, A’, respectively) and the chitosan-based hydrogels crosslinked with 0.5,

1, and 2 wt% of D- fructose B-D and B’-D’, respectively).

hyaluronic acid.?>%] However, the results obtained and the com-

parison with those of other authors demonstrates that crosslink-
ing with G offered a remarkable improvement in the rheologi-
cal performance,[®~7!] being better when compared to F or other
crosslinkers such as phenolic compounds,*’! dually crosslinked
with citric acid and diiodo-trehalose derivative chitosan-based
hydrogels,”?! tannic acid,”?] or when crosslinked via photoini-
tiated click polymer interpenetrated polymer network (IPN)
reaction.”]

Additionally, as was previously indicated, temperature ramp
tests were carried out to study the rheological stability of the hy-
drogels against temperature (Figure 3C,D). The hydrogels main-
tained excellent stability for the studied temperature range in all
cases since the storage and loss moduli were not altered during
the test. This fact demonstrates that these hydrogels can maintain
their properties at low temperatures, suitable for storage, and at
body temperatures once implanted.

3.4. Microstructural Evaluation

Figure 4 shows a macroscopic and microscopic view of bare
CH hydrogel (Figure 4A and 4A’, respectively) and the ones

Macromol. Mater. Eng. 2023, 308, 2300195 2300195 (8 of 13)

crosslinked with F (Figure 4B-D and 4B’-D’, respectively). From
the macroscopic point of view, hardly any differences were ob-
served between the systems, except that, in the case of 1 wt%,
a slightly yellowish hue was observed, which became apparent
after the freeze-drying process. This is the characteristic effect
that the Maillard reaction exerts on the coloration of hydrogels,
although a much more apparent change can be observed when
heating at temperatures near 100 °C.”*l Apart from this, hy-
drogels were obtained with an appearance similar to what was
expected and observed in other studies.[**”%] Regarding the re-
sults obtained from the microscopic characterization, more dif-
ferences were detected. Figure 4A’ shows that CH hydrogels had
a characteristic microstructure similar to that observed in other
studies,/**7%l where a faitly solid and consistent structure was ob-
served, although with considerable porosity (72.5%), with small-
sized pores (51.29 pym).

After the crosslinking reaction by incorporating F, the struc-
ture was remarkably transformed, as has been previously re-
ported with collagen!®! and by adding fructose compounds,!”’!
with increasing amounts of the crosslinking agent. In this way,
0.5 wt% content of F (Figure 4B’) changed the structure from a
heterogeneous structure with small pores to a less porous struc-
ture (59.2%), although with larger pores (129.4 ym) with much
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Table 4. Porosity and mean pore size of chitosan-based hydrogels
crosslinked with different amounts of D-fructose and genipin.

Crosslinker Crosslinker Porosity [%] Mean pore size
amount [wt%)] umj
None 0 72.5+5.1 51.29 £+ 19.05
Fructose 0.5 59.2+32 129.4 +90.48
1.0 544+24 76.57 + 45.36
2.0 57.8 + 1.9 82.59 + 54.06
Genipin 0.5 37.7+42 91.83 +44.78
1.0 453 +2.4 69.55 +30.77
2.0 37.3+49 101.5 +£93.99

more heterogeneity in pore size (not in porosity). Data for a better
comparison are included in Table 4. Increasing F concentration
to 1 wt%, as was previously proved, led to a more crosslinked
structure and, as can be observed in Figure 4C’, to a more ho-
mogeneous one, both in pore size and distribution, with smaller
pores (76.57 um). This fact is consistent with the rheological re-
sults, as the more homogeneous and less porous the structure,
the better the rheological performance.['>78] However, further in-

EWT=1000kv ~ Sgnal A = SE1
wo = 80mm Mag= 100X

Filo Nome = Quitosano2 uf

www.mame-journal.de

creasing the amount of crosslinker caused a deleterious effect,
as was already stated, due to a structural regression, returning to
a more heterogeneous structure, both in pore size and distribu-
tion, as the structure loses crosslinking, which is also consistent
with the results obtained and proves the rheological behavior.

On the other hand, Figure 5 also shows the macroscopic
and microscopic representation of the same hydrogels but
crosslinked with G (Figure 5B-D and B’-D’). In the case of these
hydrogels, the macroscopic change was much more noticeable
since, even with the smallest amount of genipin, the hydrogel ac-
quired a brownish-green coloration, which was more accentuated
when the concentration of the crosslinker was increased. G usu-
ally gives rise to products with a marked and characteristic blue
coloration.[**78] However, these hydrogels may turn into a brown
hue when changing pH from ~3.2 to 5, as reported by Yang et
al.l”

From the results obtained from the micrographs (Table 4), it
can be concluded that, compared to the hydrogels with F, those
crosslinked with genipin would have a more consistent and solid
structure since the porosity and mean pore size, in most cases,
present lower values, which explains the improvement in their
rheological properties. Moreover, these results also explain that
even having no significant differences with CH G 1 in the CD,

Prcsi S 1117 pm
pedbe 1

Figure 5. Macroscopic and SEM images of the reference chitosan hydrogel A, A’, respectively) and the chitosan-based hydrogels crosslinked with 0.5,

1, and 2 wt.% of genipin B-D and B'-D’, respectively).
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Figure 6. In vitro cytotoxicity results obtained in the chitosan hydrogels crosslinked by genipin or D-fructose: Vero E6 A,B); HeLa C,D); U20S E,F); U937

G,H); and Jurkat 1,J) cell lines evaluated.
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Figure 7. In vitro hemolysis results obtained in the chitosan hydrogels crosslinked with: genipin A); D-fructose B).

the hydrogel with 2 wt% of G had poorer rheological performance
since the mean pore size was higher and, consequently, the struc-
ture would not be as resistant as the one with 1 wt%.

3.5. Biological Evaluation

In vitro cytotoxicity assays were carried out for easily screening
the biocompatibility of the hydrogels formulated as potential scaf-
folds in tissue engineering and regenerative medicine. Figure 6
shows the results obtained for each of the systems studied at
48 h. No significant cytotoxic effects were found for any of the two
crosslinkers studied in CH hydrogels, except in HeLa cells up to
a value of 0.375 wt% (Figure 6C,D). In this sense, the influence
of the positive surface charge in CH blends and its high degree of
deacetylation has been previously associated with increased tox-
icity by the authors due to cell growth inhibition.[*! In addition,
F-crosslinked CH hydrogels were more cytotoxic than CH hydro-
gels crosslinked with G at higher hydrogel concentrations in Vero
E6 cells (Figure 6A,B). F is considered a fundamental regulation
factor in the glycolytic pathway; therefore, high-F concentrations
lead to the synthesis of advanced glycation end products (AGEs)
and reactive oxygen species (ROS), enhancing the oxidative dam-
age and inflammation due to the imbalance between AGEs and
ROS, and subsequently potentiating its toxicity.[5]

To obtain further information about its biocompatibility,
in vitro hemolysis assays were conducted to determine the
hemolytic effect of the hydrogels. Figure 7 shows the hemolysis
percentage resulting from the interaction between the different
systems and RBCs. Generally, none of the systems were hemo-
compatible at higher concentrations, regardless of the crosslinker
used. As was mentioned above, CH is a positively charged com-
pound that can interact with negatively charged cell membranes,
resulting in high adhesion and inhibition of cell growth. To sup-
port this idea, a previous study suggests that electrostatic inter-
actions with phospholipids from erythrocyte membranes trigger
the formation of complexes that interfere with the correct func-
tioning of those cells.l®!] Furthermore, F-crosslinked CH hydro-
gels produced a higher hemolysis percentage than CH hydrogels
crosslinked with G, consistent with the in vitro cytotoxicity assay
results. As was already described, high F concentrations could
lead to a dysregulation of the glycolytic pathway. This could be the
reason behind this outcome since erythrocytes lack mitochondria
and their unique method of obtaining energy is glycolysis.[®2! Fi-

Macromol. Mater. Eng. 2023, 308, 2300195 2300195 (11 of 13)

nally, one positive behavior that emerges from our data indicates
that the crosslinking with G results in a decrease in the hemolytic
activity of the hydrogels (Figure 7A). This trend has been previ-
ously described by Gao et al.l”’]

4, Conclusions

Chitosan hydrogels were successfully crosslinked with the
proposed natural crosslinking agents, namely D-fructose and
genipin, as demonstrated by the FTIR measurements. Both
crosslinkers exert an important effect on the structure, which is
more noticeable when their amounts are increased, consequently
having a remarkable influence on the evaluated properties for
each case. Regardless of the crosslinking agent, increasing the
amount of crosslinker from its minimum concentration to 1 wt%
results in a higher degree of crosslinking with chitosan. How-
ever, a further increase in the amount of crosslinking agent would
not imply a higher crosslinking degree in any case due to sat-
uration. This tendency was observed in most cases in the per-
formed assays. Therefore, and with the aim of comparing the
influence of both crosslinking agents, it can be established that
genipin exerts a much more beneficial effect for chitosan than
D-fructose since the hydrogels crosslinked with genipin, espe-
cially with the one with 1 wt%, a degree of swelling higher than
that of bare chitosan is obtained, which is not achieved with D-
fructose. Moreover, the rheological tests revealed that hydrogels
crosslinked with genipin are more resistant and have better rheo-
logical properties than those obtained with D-fructose. This factis
attributed to crosslinking with genipin would make the structure
of chitosan more compact, with less porosity. Finally, the biolog-
ical in vitro assays showed that D-fructose would have a deleteri-
ous contribution to our purpose since it is a fundamental regu-
lation factor in the glycolytic pathway, which would increase the
synthesis of AGEs and ROS, consequently increasing the cyto-
toxicity of these scaffolds as an additional advantage of genipin
crosslinking with this compound results in a decrease in the
hemolytic activity of the hydrogels. Therefore, genipin proved to
be a more recommendable crosslinker to obtain better chitosan-
based hydrogels.
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