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Hydrogels are a promising class of materials addressing a plethora of applications in
biomedicine, environmental protection and agriculture [1–3]. Chitosan-based hydrogels
are particularly important due to their sustainable nature and biodegradability, accounting
for a circular bioeconomy. In addition, chitosan is biocompatible, non-toxic and has antimi-
crobial activity, properties which make it a work-bench to develop new biomaterials which
satisfy the requirements of contemporary society. In this view, the goal of this study was
the development of new chitosan hydrogels with antifungal activity which can be further
used as a matrix to build soil conditioners to deliver plant biostimulants in a prolonged
manner. Low-molecular-weight chitosan and 5-methoxysalicylaldehyde were analyzed
using 1H-NMR, FTIR and UV-vis spectroscopy, SEM and POM microscopy, thermogravi-
metrical analysis, X-ray diffraction, swelling and biodegradation investigation, cytotoxicity
and microbiological tests. The new hydrogels were synthesized by crosslinking chitosan
with a vanillin isomer, 5-methoxysalicylaldehyde using an imination reaction followed
by the self-assembling of the newly formed imine units. The crosslinking pathway was
confirmed by FTIR and 1H-NMR spectroscopy, which proved the formation of imine bonds,
and X-ray diffraction and POM microscopy, which proved supramolecular self-ordering.
When analyzed using an MTT assay on normal dermal fibroblasts, the hydrogels showed a
lack of toxicity for a molar ratio of the functional groups (amine/aldehyde) of 1.5, 2 and 3.
The swelling ratio of the hydrogels depended on the pH of the media, and it was lower in
media with basic pH, up to 20 g/g, and higher in media with neutral and acidic pH, up to
150 g/g. They proved biodegradability in the presence of lysozyme, reaching a mass loss of
35% in 18 days. Under mechanical stress, the hydrogels were broken and completely rebuilt
when the stress was removed, indicating self-healing ability (Figure 1a). SEM microscopy
revealed a porous morphology formed from interconnected pores with diameters around
85–100 µm—Figure 1b. TGA indicated the increase of the thermal stability assessed to the
strong intermolecular forces. The hydrogels are biodegradable (Figure 1c) and cytocompat-
ible (Figure 1d). When in contact with different microbial strains, the hydrogels showed
strong antifungal activity against C. albicans, P. chrysogenum, C. glabrata and C. cladosporioides,
as determined by disk diffusion assay Figure 1 e is a representative image for inhibition
zone the case of C. albicans.
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Figure 1. Representative images of the hydrogels and their properties. (a) Visual assessment of the 
self-healing ability of the hydrogels; (b) Scanning electron microscopy image (SEM) of porous xero-
gel; (c) In vitro biodegradation profiles of representative hydrogels; (d) Cell viability of normal hu-
man dermal fibroblasts (NHDF) after 24 hours exposure to hydrogels. Bars represent the standard 
error. * p < 0.05 and ** p < 0.01; (e) Representative image for inhibition zone the case of C.albicans. 

New naturally originating hydrogels with good biocompatibility and antifungal 
properties were prepared by a simple and easy method from chitosan and a vanillin iso-
mer. It was demonstrated that the driving force of hydrogelation relies on the forming of 
covalent reversible imine bonds and supramolecular organization of the newly formed 
imine units in clusters playing the role of crosslinking nodes. An optimal amount of alde-
hyde used for chitosan crosslinking generated hydrogels with suitable biocompatibility 
and remarkable antifungal activity. These hydrogels presented porous morphology and 
consequently good swelling in various media, indicating good oxygen permeation and 
liquid drainage. In addition, they were biodegradable and presented self-healing behav-
ior, indicating easy manipulation in view of further applications. 
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Figure 1. Representative images of the hydrogels and their properties. (a) Visual assessment of the
self-healing ability of the hydrogels; (b) Scanning electron microscopy image (SEM) of porous xerogel;
(c) In vitro biodegradation profiles of representative hydrogels; (d) Cell viability of normal human
dermal fibroblasts (NHDF) after 24 hours exposure to hydrogels. Bars represent the standard error.
* p < 0.05 and ** p < 0.01; (e) Representative image for inhibition zone the case of C. albicans.

New naturally originating hydrogels with good biocompatibility and antifungal prop-
erties were prepared by a simple and easy method from chitosan and a vanillin isomer. It
was demonstrated that the driving force of hydrogelation relies on the forming of covalent
reversible imine bonds and supramolecular organization of the newly formed imine units
in clusters playing the role of crosslinking nodes. An optimal amount of aldehyde used for
chitosan crosslinking generated hydrogels with suitable biocompatibility and remarkable
antifungal activity. These hydrogels presented porous morphology and consequently good
swelling in various media, indicating good oxygen permeation and liquid drainage. In
addition, they were biodegradable and presented self-healing behavior, indicating easy
manipulation in view of further applications.
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