
 

 

 

“Petru Poni” Institute of Macromolecular Chemistry Repository 

Green Open Access: 

Authors’ Self-archive manuscript 

(enabled to public access in April 2023, after 12-month embargo period) 

 

This manuscript was published as formal in:  

 

International Journal of Biological Macromolecules 2022, 205, 574-586 

DOI: 10.1016/j.ijbiomac.2022.02.077 

https://doi.org/10.1016/j.ijbiomac.2022.02.077 

Title: 

Chitosan crosslinking with a vanillin isomer towards self-healing hydrogels with 

antifungal activity 

Manuela-Maria Iftime1*, Irina Rosca1, Andreea-Isabela Sandu1, Luminita Marin1 

1 “
Petru Poni” Institute of Macromolecular Chemistry, Grigore Ghica Voda Alley, Iasi, Romania 

*ciobanum@icmpp.ro 
  

https://doi.org/10.1016/j.ijbiomac.2022.02.077
mailto:ciobanum@icmpp.ro


Abstract 

The purpose of the study was to develop new antimicrobial hydrogels from natural 

resources that may promote wound healing and prevent bacterial skin infection. The new 

hydrogels were synthesized by crosslinking chitosan with a vanillin isomer, 5-

methoxysalicylaldehyde, by a friendly and easy method. To characterize these hydrogels, their 

structural and morphological properties were explored by FTIR, 1H-NMR, SEM, POM, and 

TGA. In view of the targeted application, swelling behavior, biodegradability, antimicrobial 

activity and biocompatibility were investigated in vitro. Structural and morphological studies 

confirmed the formation of new hydrogels via the imination reaction concomitant with the 

supramolecular organization. The hydrogels were highly porous with the average pore diameter 

around 80 µm, and a swelling rate controlled by the crosslinking density and medium pH. The 

hydrogels showed a progressive weight loss in the presence of lysozyme up to 35 %, during 21 

days of testing. They proved non-cytotoxic effect on normal human dermal fibroblasts using 

MTS test and powerful antifungal activity against Candida Albicans, as determined by disk 

diffusion assay. All these properties indicate the new hydrogels as a promising option for the 

treatment of various skin lesions. 
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1. Introduction 

 In recent years, there was a growing global demand for new wound dressing materials 

to the increased resistance of pathogens to last-line antibiotics, which cause serious infections 

and wound-repair difficulties, leading to the loss of many human lives [1]. The ideal wound 

dressings should be easy and inexpensive to synthesize, sterile and non-toxic, biodegradable, 

to have good absorption of wound exudate and good gas permeability, and most importantly to 

have antimicrobial properties [2]. In this regard, varieties of wound dressing materials have 

been obtained either based on synthetic or natural polymers and are formulated in various forms 

such as membranes, films, fibers, topical formulations, transdermal patches, sponges, hydrogels 

and so on [3-6]. However, even some of these materials are effective in preventing bacterial 

infection of skin wounds, they suffer from several limitations such as high cost, weak 

mechanical performance, and difficulty to be removed without lesion damage, or inability to 

provide a moisture environment for acceleration of the wound healing process [7]. Considering 

these limitations, the development of more advanced wound dressings that are cost-effective is 

still a goal for researchers in clinical application [8]. 



Hydrogels are made up of a three-dimensional network that can absorb large amount of 

water and have a number of common physical properties with living tissues such as softness, 

elasticity and low interfacial tension, which are favorable for good compatibility and improve 

the healing process [9, 10]. Chitosan is known as the most important natural originating polymer 

that can be used to produce wound dressings due to its various versatile properties such as good 

biodegradability, biocompatibility, antibacterial and hemostatic effect, non-toxicity, bio-

adhesivity and availability of functional groups for its modification [11-13]. In terms of wound 

treatment, chitosan-based hydrogels are considered as ideal materials which possess all the 

above properties [14, 15]. Compared to traditional wound dressings like cotton, wool or gauze, 

they are easier to peel off and degrade spontaneously, avoiding the discomfort and secondary 

trauma of dressing replacement [16]. Moreover, their porous structure and a suitable swelling 

ratio allow the oxygen permeation and exudate drainage while keeping a moist environment, 

which is beneficial for wound healing [17, 18] The main disadvantages of chitosan hydrogels 

for wound management are their drying up if they are not covered, difficulty to secure them, 

and poor mechanical stability in swollen state [19]. A promising approach to overcome these 

disadvantages can be the crosslinking of chitosan with natural monoaldehydes, which 

determine the enhancing of physical, chemical and mechanical properties (mechanical and 

thermal stability, swelling capacity, biodegradability and biocompatibility). Over last years, our 

group demonstrated that chitosan crosslinking with monoadehydes, via formation of imine units 

and their self-assembling into clusters, is a simple method towards hydrogels with properties 

tailored by a proper choice of the aldehyde [20-27].  

Taking into account these data, this paper reports the synthesis of chitosan hydrogels 

with inherent antimicrobial properties by crosslinking with a natural monoaldehyde, 5-

methoxysalicylaldehyde (A). It should be highlighted that this aldehyde is one of the isomers 

of vanillin, a naturally occurring derivate of benzaldehyde, which has already demonstrated 

significance in food, cosmetics, chemical and pharmaceutical industries [28]. Its choice was 

done targeting biocompatible hydrogels with antimicrobial properties capable to promote 

wound healing and prevent the bacterial skin infections. Moreover, compared to traditional 

wound dressings, these hydrogels are expected to be biodegradable, avoiding by this the 

traumatic debridement. The hydrogels were characterized in relationship with the envisaged 

applications, their properties such as swelling in media with different pH, biodegradation, 

biocompatibility, self-healing and antimicrobial activity being investigated. They showed 

porous morphology and good swelling ability which can assure the exudate drainage 

maintaining a moist environment useful to promote wound healing. They were thermally stable, 



biodegradable and pH-sensitive, and presented antimicrobial performance against Candida 

albicans, self-healing behavior and good biocompatibility, indicating great potential for use in 

the treatment of skin lesions. To the best of our knowledge, this is the first study which reports 

the synthesis and performances of chitosan hydrogels cross-linked with the natural 

monoaldehyde, 5-methoxysalicylaldehyde. 

3.1. 2.  Material and methods 

2.1. Materials 

 Low molecular weight chitosan, 5-methoxysalicylaldehyde of 98% purity, (A), ethanol 

(99.8%) and glacial acetic acid (99%) were purchased from Aldrich Co. (USA) and used as 

received. The average viscometric molecular weight of chitosan (Mv) was calculated by 

viscosimetry (Mv=198kDa) and the deacetylation degree (DA=82%) was calculated by 1H-

NMR (Fig. S1 and Fig. S2) [13]. The total of the free amino groups of chitosan was calculated 

considering the DA. Acetate buffer solution of pH=5.5 and phosphate buffer (PBS) of pH=7.4 

and 8.5 were prepared in our laboratory, as already reported [20-23].  Bidistilled and ultrapure 

water were obtained in our laboratory, too. 

2.2. Synthesis of 5-methoxysalicyl-imine-chitosan hydrogels (Hx)  

 The synthesis was carried out by acid condensation reaction of chitosan with 5-

methoxysalicylaldehyde (A), adapting a procedure reported for other chitosan/aldehyde 

systems [20].  0.480 g chitosan (corresponding to 2.32*10-3 mmol glucosamine repeating units) 

were dissolved in 24 mL acidic water (0.7% acetic acid solution: 168 μL of acetic acid in 24 

mL of water) under vigorous magnetic stirring (750 rpm). Further, the chitosan solution was 

heated at 55oC, and a 2% solution of 5-methoxysalicylaldehyde (A) in ethanol was slowly 

dropped into it and the reaction mixture was maintained until hydrogelation occurred. In order 

to reach hydrogels with different crosslinking degrees, the 5-methoxysalicylaldehyde (A) 

amount was varied to attain molar ratios of the NH2 and CHO functional groups from 1/1 up to 

6/1 (Table 1). The hydrogelation time depended on the NH2/CHO molar ratio, varying from 1 

minute to 7 days as the aldehyde amount decreased (Table 1). In order to remove the ethanol, 

the vials were kept uncovered up to the initial volume of chitosan solution was reached. The as 

obtained hydrogels (noted Hx, where x is the molar ratio of the NH2/CHO functional groups) 

appeared as transparent, deep yellow semisolid materials, with smooth texture (Scheme 1). 

Their corresponding solid materials (xerogels) were prepared by hydrogels’ lyophilization. The 

xerogels weight was similar with that of the initial reagents, indicating no mass loss during 

lyophilization, and implicit the total reaction of the reagents.  



 

Tabel 1. The reaction parameters and codes of the studied hydrogels (Hx) 

Code H1 H1.5 H2 H3 H4 H5 H6 

NH2/CH=O 1/1 1.5/1 2/1 3/1 4/1 5/1 6/1 

Chitosan 

(mg/mmol) 
480/2.32*10-3 

A 

(mg/mmol) 
353/ 

2.32x10-3 

235/ 

1.54x10-3 

177/ 

1.16x10-3 

117 

7.7x10-4 

88/ 

5.8x10-4 

71/ 

4.61x10-4 

59/ 

3.9x10-4 

Water 

(mL) 
24 

Ethanol 

(mL) 
17.66 11.77 8.83 5.88 4.42 3.53 2.94 

Acetic acid 

(ml) 
0.168 

Gelation time 1min 2 min 5 min 30 min 1day 2days 7days 

Xerogel (g) 0.833 0.715 0.657 0.597 0.568 0.551 0.539 
                 A: 5-methoxysalicylaldehyde; 

 

2.3. Characterization 

2.3.1. The dry state of the hydrogels (xerogels) was obtained by freezing in liquid nitrogen and 

further lyophilisation using Labconco Free Zone Freeze Dry System equipment, at -52 ⁰C and 

1.510 mbar for 48 hours.  

2.3.2. The 1H-NMR spectra (NMR) were achieved on a Bruker Advance DRX 400 MHz 

Spectrometer equipped with a 5 mm QNP direct detection probe and z-gradients. For NMR 

measurements, the hydrogels were prepared directly into NMR tubes using deuterated water. 

The chemical shifts were reported as δ values (ppm) relative to the residual peak of deuterated 

water.   

2.3.3. Fourier transformed infrared spectroscopy (FTIR). ATR-FTIR spectra were registered 

with a Bruker Vertex 70 Ettlingen FTIR spectrometer, on pellets obtained by pressing 20 mg 

of xerogels into a hydraulic press at 2 N/m2. The spectra were recorded in the 600‒4000 cm‒1 

spectral range, with 32 scans at 4 cm‒1 resolution. The presence of the imine linkage was 

confirmed by deconvolution of the 1690-1615 cm-1 region of the FTIR spectra.  The overlapped 

peak positions from this region were determined with the second derivative. After that, the 

stretching vibration regions were deconvoluted by a curve-fitting mode, and the areas were 

calculated with a 50% Lorentzian and 50% Gaussian function. The OPUS 6.5 software and 

OriginProBit9 were used to perform the curve-fitting analysis [29]. 



2.3.4. To gain an insight on the hydrogel morphology, images of the corresponding xerogels 

were acquired with a field emission Scanning Electron Microscope (SEM) EDAX – Quanta 

200 at accelerated electron energy of 20KeV. 

2.3.5. Polarized light microscopy observations were performed with a Zeiss Axio Imager.A2m, 

camera Axiocam 208cc, Carl Zeiss AG, (Oberkochen, Germany) microscope, on thin slices of 

hydrogels.  

2.3.6. X-ray diffraction investigation was done on a Rigaku Miniflex 600 diffractometer by 

CuKα-emission in the angular range 2–40º (2θ) using a scanning step of 0.0025º and a recording 

rate of 1º/min. 

2.3.7. The thermogravimetric analysis (TGA) was performed on xerogel samples with a 

Discovery TGA 5500 equipment, under nitrogen atmosphere, at the constant heating rate of 

10◦C/min from 30 to 600oC. The amount of each sample was approx. 7 mg. The temperature 

corresponding to 10% (T10) weight loss, and the temperature of maximum decomposition rate, 

corresponding to the peak in DTG curve (Tdec), have been taken as characteristic conditions 

when discussing the thermal stability. 

2.3.8. The UV-Vis spectra were recorded on an UV-visible spectrophotometer (Perkin Elmer, 

Lambda 10). The in vitro aldehyde release was investigated by monitoring the released 

aldehyde by quantitative absorption spectroscopy, as follows. 120 mg hydrogel was immersed 

into a vial containing 10 mL of ultrapure water, at 37oC. At fixed intervals, 2 mL aliquots were 

withdrawn and replaced with 2 mL fresh ultrapure water. The supernatant samples were 

collected and subjected to aldehyde absorbance measurements by UV-vis spectroscopy, 

recording the specific absorption band at 258.87 nm. Further, the absorbance values were fitted 

on a predetermined calibration curve to give the aldehyde concentrations. The cumulative 

release of  A was calculated with the equation: % A = [(10Cn + 2ΣCn-1)/mo] x 100, and was 

plotted versus time to give the release kinetic, where Cn and Cn-1 represent the concentrations 

of the aldehyde in the supernatant after n and n-1 withdrawing steps, respectively, and mo, 

correspond to the aldehyde’s content.  

2.3.9. Swelling behavior and stability of the hydrogels in media with different pH  

The swelling ability of the hydrogels was investigated on the samples which showed the 

most important properties (H1.5, H2 and H3) in distilled water and buffer solution of different 

pH = 5.5, 7.4 and 8.5, at 37oC [4]. Certain amounts around 100 mg of hydrogels were immersed 

into vials containing 10 mL of swelling media, and the samples were taken off and weighted at 

known time periods until they reached a constant mass. After that, they were washed with 



ultrapure water and dried by lyophilisation to calculate their weight loss. The percentage of 

swelling ratio (SR) of the hydrogels was calculated using the equation (1): 

SR = (Ws-Wd)/Wd x 100 (1) 

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

weight loss percent was calculated with equation (2): 

Weight loss %= W0-Wt/W0 x100 (2) 

where W0 is the initial weight of the freeze-dried hydrogels; Wt is the weight of the freeze-dried 

hydrogel at the end of swelling experiment (2 days). To know exactly the initial weight of the 

freeze-dried hydrogels, the same amount of the hydrogels used in the swelling study was 

lyophilized during 24h.   

The hydrolytic stability of the hydrogels was visually monitored by immersing pieces 

of hydrogels of 100 mg in the same media used in the swelling study, over 2 days and 3 months 

[30-32]. 

2.3.10. In vitro enzymatic biodegradation of the hydrogels  

The hydrogels were incubated in solution of lysozyme in PBS (pH=8.5), 10mg/L 

(400000U/L) at 37 ºC for 21 days. The incubation medium was refreshed at every three days in 

order to maintain the enzymatic activity. The samples were carefully taken out at predetermined 

time intervals of 1, 2, 3, 4, 7, 14 and 21 days, washed with ultrapure water, and lyophilized 

[33]. The hydrogels’ biodegradation was assessed by calculating the mass loss using the 

equation (3):  

Weight loss = (W0-Wt) /W0 × 100 

(3) 

where W0 is the initial weight of the freeze-dried hydrogels and Wt is the weight of the freeze-

dried hydrogel at the time t. 

2.3.11. Cytotoxicity of chitosan hydrogels 

Cell culture: Normal human dermal fibroblasts (NHDF, PromoCell, Heidelberg, 

Germany) were grown in alpha-MEM medium (Lonza, Basel, Switzerland) supplemented with 

10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham, MA USA) and 1% 

Penicillin-Streptomycin-Amphotericin B mixture (Lonza, Basel, Switzerland) in humidified 

atmosphere with 5% CO2, at 37 °C.  

Cytotoxicity of chitosan hydrogels: Cytotoxicity of Hx hydrogels was assessed by MTS 

assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, 

Madison, WI USA), according to the manufacturer instructions and direct contact procedure 

adapted from ISO 10993-5:2009(E) [34]. For this purpose, cells were seeded at a density of 



5×103 cells/mL into 96-well tissue culture-treated plates in 100 μL culture medium/well and 

allowed to adhere for 24h. Cells were then incubated for another 24 hours with 200 μl culture 

medium and 10 (± 0.01) mg of each hydrogel sample (3mm diameter). Before incubating, the 

hydrogel samples were immersed in 70% ethanol, washed with ultrapure water, with culture 

medium and exposed to UV light (253.7 nm) for 30 minutes. Control cells were incubated only 

with culture medium. The next day, the medium in the wells containing the tested material was 

replaced with 100 μl fresh medium and MTS reagent (20 µL) was added 1-3 hours prior to 

absorbance readings at 490 nm on a FLUOstar® Omega microplate reader (BMG LABTECH, 

Ortenberg, Germany). Experiments were done in triplicate and treated cell viability was 

expressed as percentage of control cells’ viability. Graphical data were expressed as means ± 

standard error of the mean. Statistical analysis was performed using GraphPad Prism 7 with 

One-way Anova using Kruskal-Wallis test with Dunn's multiple comparisons test. The 

differences were considered statistically different when p<0.05.  

 Cell morphology: To confirm the MTS assay, morphology of the cells exposed to the 

chitosan hydrogel samples was analyzed by optical microscopy. The hydrogel samples were 

cut into 1 cm diameter pieces, immersed in 70% ethanol, washed with ultrapure water, with 

culture medium and sterilized by exposure to UV light (253.7 nm) for 30 minutes. The samples 

were placed into a 24-well tissue culture treated plate and NHDF cells were seeded onto 

sterilized hydrogels at a density of 1x105 cells/mL in 1 mL culture medium/well. Cells were 

then incubated for 24 hours. Control cells were incubated only with culture medium. After 24 

hours, brightfield images were acquired with a Leica DMI 3000B inverted microscope 

(Wetzlar, Germany). 

2.3.12. Antimicrobial activity 

The antimicrobial activity screening of the hydrogels was determined by disk diffusion 

assay [35] against three bacterial strains: Staphylococcus aureus ATCC25923, Escherichia coli 

ATCC25922 and Enterococcus faecalis ATCC 29212, two yeast strains Candida albicans 

ATCC10231 and Candida glabrata ATCC 2001, and three fungal strains: Penicillium 

chrysogenum ATCC10106, Cladosporium cladosporioides ATCC16022 and Aspergillus 

brasiliensis ATCC9642. All microorganisms were stored at -80 °C in 20-40% glycerol. The 

bacterial strains were refreshed on tryptic soy agar (TSA) at 37 °C for 24 hours. The yeast 

strains were refreshed on Sabouraud dextrose agar (SDA) and the fungal strains were refreshed 

on potato dextrose agar (PDA) for C. cladosporioides and A.brasiliensis and malt extract agar 

(MEA) for P. chrysogenum at 25°C for 72 hours. Microbial suspensions were prepared with 

these cultures in sterile solution to obtain turbidity optically comparable to that of 0.5 



McFarland standards. Volumes of 0.2 ml from each inoculum were spread on the Petri dishes. 

The sterilized paper disks were placed on the plates and an aliquot (50 μl) of the samples was 

added. To evaluate the antimicrobial properties, the growth inhibition was measured under 

standard conditions after 24 of incubation at 37°C for the bacterial strains and the yeast strains 

and after 72 hours at 25ºC for the fungal strains. All tests were carried out in triplicate to verify 

the results. After incubation, the diameters of inhibition zones were measured by using Image 

J software and were expressed as the mean ± standard deviation (SD). Statistical analysis was 

performed XLSTAT software [36]. 

Statistics 

All experiments were done in triplicate and the data were considered as the mean ± standard 

deviation (SD). 

 

3. RESULTS AND DISCUSSION  

A series of six hydrogels was prepared by acid condensation reaction of chitosan with 

5-methoxysalicylaldehyde (A), varying the molar ratio between glucosamine units of chitosan 

and aldehyde groups (Table 1). The schematic representation of their synthesis was shown in 

Scheme 1. As previously demonstrated for crosslinking of chitosan with monoaldehydes, the 

hydrogelation was expected to take place due to the formation of imine linkages on the chitosan 

chains, and the self-ordering of these new formed imine units into clusters, playing the role of 

crosslinking nodes for chitosan chains [20-27]. This hydrogelation pattern was confirmed by 

structural and supramolecular investigations by 1H-NMR, FTIR, WRXD, and POM, which 

were performed on the hydrogels and their corresponding xerogels and analyzed in details.  

 

Scheme 1. Schematic representation for the hydrogels’ obtaining (Hx) 

 

 

 



3.1. Structural characterization 

The 1H-NMR spectra of hydrogels (H1.5-H5) revealed the formation of imine linkage 

by the occurrence of the chemical shift of imine proton as a single band at 8.39 ppm [20]. 

During the first 3 hours after hydrogelation, the aldehyde proton was also seen at 9.82 ppm, but 

it almost completely disappeared after 7 days, indicating the progressive conversion of aldehyde 

into imine units (Fig.1, Fig. S3). Compared to other hydrogels prepared from chitosan and 

monoaldehydes [21, 23, 24, 33] the high imination yield was attributed to the stabilization of 

the imine linkages by an intramolecular H-bond with the neighbor proton from hydroxyl group, 

by a “clip-effect” [22, 37, 38]. The chemical shifts of the other protons from 5-

methoxysalicylaldehyde and chitosan were also present in the spectra.  

 

a) 

 

b) 



Fig. 1. (a) NMR spectra of representative hydrogels recorded after 7 days since 

hydrogelation; (b) NMR spectra of the sample H5 recorded at different moments over 7 days 

 

FTIR spectra of the corresponding xerogels showed modifications compared to those 

of precursors, i.e. chitosan and 5-methoxysalicylaldehyde, consistent with the formation of the 

imine linkages (Fig.2, Fig.S4). Thus, the broad band characteristic for the vibration of amide 

group in chitosan (around 1639 cm-1) transformed into a sharp band with maximum at 1637 cm-

1 with a shoulder to higher wavenumbers, the most probably resulting from the overlapping of 

imine and amide bands (Fig. 2a). The deconvolution of 1690-1615 cm-1 spectral domain, indeed 

revealed the appearance of a new band at 1633 cm-1, characteristic for the vibration of imine 

linkage stabilized by a “clip-effect” (Fig. 2b, 2c) [20]. No characteristic band for the vibration 

of aldehyde group of 5-methoxysalicylaldehyde (1661 cm-1) was detected confirming its total 

consumption. Comparing the xerogels’ spectra, a diminishing of the intensity of the imine 

absorption band was evident along the decreasing the A reagent (Fig.S4) [39]. Other absorption 

bands characteristic to the aliphatic stretching vibration originating from chitosan (2924 and 

2876 cm-1) and the double bond stretching vibrations originating from 5-

methoxysalicylaldehyde (1591 and 1486 cm-1) were also present [26]. Spectral modifications 

were also observed in the domain characteristic for the vibrations of amine and hydroxyl groups 

in chitosan and their intra- and inter- molecular H-bonds. While chitosan showed a broad band 

with two maxima at 3401 and 3283 cm-1, attributed to the symmetric and asymmetric vibration 

of the amine units, the xerogels showed a maximum around 3459 cm-1, possible correlated with 

the new intra-molecular H-bonds between imine nitrogen and H atom of the hydroxyl groups 

[20, 40]. 



  

a) 

 

b) 

 

c) 

Fig.2. a) The FTIR spectra of the A, H1.5 and chitosan and b) deconvolution of the 1690-

1615 cm-1 spectral domain for chitosan and H1.5. 

 

3.2 Supramolecular characterization 

The preliminary investigation of the supramolecular ordering of the imine units into 

clusters was done by observing the hydrogels under polarized light. As can be seen in Fig.3a,b, 

the hydrogels showed strong birefringence with a banded texture, characteristic for layered 

architectures of the ordered clusters [20, 22]. The hypothesis of the ordered clusters was also 
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supported by the yellowish luminescence of the hydrogels when illuminated with an UV-lamp, 

attributable to the emission of new fluorophores formed via the space conjugation of the imine 

subfluorophores (Fig.3c, d) [41]. 

  

a) H1 b) H4 

  

c) H1 d) H1.5-H5, A and Chitosan 

Fig. 3. a,b) POM images of representative hydrogels (scale: 50 μm) and c,d) hydrogels and 

chitosan and A solutions illuminated with an UV lamp 

  

 Further, in order to evidence the self-assembling of the newly formed imine units, wide 

angle X-ray diffraction on xerogels was performed. As can be seen in Fig. 4 the chitosan 

diffractogram suffered major modification after hydrogelation with 5-methoxysalicylaldehyde, 

mainly consisting in the occurrence of a sharp reflection band at 5.9 o, characteristic to a layer 

periodicity [20-24]. The corresponding inter-layer distance of 14.99-14.04 Å was in good 

agreement with the inter-layer spacing into a layered architecture with partial overlapping of 

the imine units of adjacent layers [42]. Besides, the broad reflection of chitosan at 21.8 o shifted 

to lower angle at 20.7o and a new reflection appeared at 13o, consistent with inter-chain (4.4 Å) 

and inter-molecular (6.8 Å) distances into the 3D ordered clusters (Table S1) [20-24]. 

Regarding the WXRD diffractograms of different xerogels, it can be observed that the intensity 

of the inter-layer reflection decreased along the imination degree, in agreement with the 

decreasing of the clusters’ density (Table S1). 

 All these data confirmed that the formation of the imine units and their self-ordering 

into clusters are the driving forces of the hydrogelation process of chitosan with 5-

methoxysalicylaldehyde.  



 

Fig. 4. WXRD of the chitosan and representative xerogels 

 

3.3. Thermogravimetric Analysis (TGA) 

 Thermal analysis of the xerogels and their precursors revealed interesting aspects related 

to the physicochemical properties of the hydrogels. First, the rapid mass loss characteristic to 

the aldehyde volatilization [43] was not detected in the ATG/DTG curves of the xerogels 

(Fig.5a,b), confirming its chemical bonding to chitosan chains by imination, as 1H-NMR and 

FTIR spectra indicated. TGA curves showed an evident improvement of the thermal stability 

as the imination degree increased, i.e. the T10 (corresponding to 10% weight loss) recorded at 

110oC for chitosan, progressively shifted from 112oC (H5) to 273oC (H1) for xerogels. The 

improving of thermal stability was attributed to the effect of crosslinking by imination and 

formation of ordered clusters. The H1 showed the highest thermal stability, according to a dense 

network determined by the almost total imination of the amine groups of chitosan. A deeper 

insight gained from the DTG curves (Fig. 5b) show that the first degradation stage 

corresponding to the evaporation of adsorbed water occurred at lower temperatures for xerogels 

compared to pristine chitosan, in agreement with the imination occurrence which disturbed the 

H-bonds of water to amine units [44]. The most important thermogravimetric characteristics of 

the representative xerogels, obtained from the thermograms are listed in Table S2. 
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Fig. 5. a) The thermograms and b) DTG curves of chitosan, A and some representative 

freeze-dried hydrogels 

 

3.4. Morphology of the 5-methoxysalicyl-imine-chitosan hydrogels 

SEM images acquired on freeze-dried hydrogels clearly showed the presence of large 

quantities of interconnected pores with irregular shape indicating a porous or fibrous structure, 

depending on the aldehyde content [45]. As can be seen in Figure 6 and Figure S5, the hydrogel 

with lowest crosslinking degree (H6) presented a fibers network, those with intermediate 

crosslinking degree displayed irregular pores and fibers connected together (H3, H4 and H5), 

and those with higher crosslinking degree (H1, H1.5 and H2) showed interconnected pores 

with diameters around 85-100 µm. It appears that the hydrogel morphology can be tuned by a 

proper choice of the amount aldehyde crosslinker.  

a 

    

b 

    

 H1 H3 H4 H6 

Fig.6. SEM images of freeze-dried hydrogels at different magnifications: a) 1000x; b) 150x 
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3.5. Cytotoxicity of chitosan hydrogels (MTS assay) 

The main condition for in vivo application of materials is their biocompatibility. The 

studied hydrogels were obtained from natural originating reagents, which should account for 

non-toxicity, biodegradation and biocompatibility, assuring a good acceptance into tissues [46]. 

In this view, the response of NHDF cells at the contact with the studied hydrogels and pristine 

reagents was investigated, according to ISO 10993-5:2009(E) test for medical devices that 

recommend the use of materials for biomedical purposes for cell viability higher than 70% [34]. 

As can be seen in figure 7, the H1.5, H2 and H3 proved suitable biocompatibility for in vivo 

applications, while those with higher or lower crosslinking degrees showed higher cytotoxicity 

than accepted for medical devices.  

 

Fig.7. Cell viability of normal human dermal fibroblasts (NHDF) after 24 hours 

exposure to hydrogels, compared to untreated cells. The results are presented as mean value ± 

the standard error of the mean (SEM), n = 5; * p<0.05 (H1.5 vs. H4, H1.5 vs. H5) and ** 

p<0.01 (H2 vs. H4, H2 vs. H5). 

Cell Morphology 

Brightfield images were acquired only for those samples that indicated higher viability. 

The morphology of cells incubated with H1.5 and H2 was normal, NHDF cells keeping their 

characteristic elongated form (Figure 8). Some of the cells incubated with H3 have a rounded 

shape, which indicates their partial detachment from the substrate, this being in agreement with 

the result of the MTS test. Finally, the increased viability of cells incubated in the presence of 

hydrogels indicates their usefulness in wound healing applications. 

 



Control (2D culture) H1.5 H2 H3 

    

Fig.8. Brightfield images indicating cell morphology in control and in culture-treated plates. 

The scale represents 200 μm (bubbles in the treated plates are bubbles air in hydrogels). 

 

3.6. Antimicrobial activity 

The choice of 5-methoxysalicylaldehyde (A) as aldehyde for chitosan’s hydrogelation 

took into consideration its natural origin which increases the probability of in vivo 

biocompatibility and also its potential antimicrobial activity demonstrated against some 

pathogens such as Aspergillus flavus [47,48] Aspergillus fumigatus, A. terreus and Penicillium 

expansum [49], Mycobacterium avium [50] and Escherichia coli [51]. 

In this regard, the antimicrobial activity of the hydrogels was investigated on relevant 

pathogens that play essential role in human health, such as gram positive (S.aureus), gram-

negative (E.coli), yeast (C. albicans and C. glabrata) and fungal (P. chrysogenum, C. 

cladosporioides, A. brasiliensis) strains by agar disk diffusion method. For a proper 

comparison, chitosan and aldehyde precursors were investigated as controlso, at the same 

concentration as in hydrogels. The results were presented in Fig. 9 and Table S3. 

 

a) 



       
A-1 A-1.5 A-2 A-3 A-4 A-5 A-6 

       
H1 H1.5 H2 H3 H4 H5 H6 

b) 

Fig. 9. a) Graphical representation of the inhibition zones on various fungal strains 

and b) representative images for the case of C.albicans 

 

Contrary to the literature data, chitosan did not present any antimicrobial activity (see 

Table S3 and Fig. S5) [52-54]. The hydrogels and 5-methoxysalicylaldehyde (A) presented 

concentration dependent antifungal activity, the inhibition zone decreasing once the 5-

methoxysalicylaldehyde concentration decreased (Fig. 9, Table S3). The highest activity was 

noticed against the C. albicans, reaching an inhibition zone of 66 mm in the case of hydrogel 

H1 (Fig. 9). Interesting enough, the hydrogels were slightly more efficient against C. albicans 

compared with their aldehyde controls. High antifungal activity was also displayed against P. 

chrysogenum (around 40 mm), and good activity was recorded against C. glabrata (around 20 

mm) and C. cladosporioides (around 20 mm), for the highest concentrations of the aldehyde 

and the corresponding hydrogels. In these cases, the antifungal activity of hydrogels did not 

exceed that of the aldehyde control, on contrary it was slightly lower. No inhibition zone was 

recorded against S. aureus, E. coli and E. faecalis for the hydrogels or corresponding aldehyde 

controls. From these data it appeared that the studied hydrogels have a specific affinity for C. 

albicans yeast, higher than their precursors. This is an intriguing finding, considering the 

aldehyde mobility in the two samples: (i) high mobility in solution assuring a very fast diffusion 

of the 5-methoxysalicylaldehyde molecules into the yeast medium, and (ii) low mobility in 

hydrogel state with 5-methoxysalicylaldehyde covalently bonded via imine linkage to the 

chitosan. It is possible as the reversible nature of imine linkage to play an important role in this 

behavior. It is expected that the reaction equilibrium to be shifted to the reagents once 5-

methoxysalicylaldehyde is consumed in the process of C. albicans inhibition [4, 55]. This can 

lead to the release of the 5-methoxysalicylaldehyde in a controlled manner under the C. albicans 



stimuli improving its bioavailability, compared to the free aldehyde in solution which easier 

can volatilize.  

This hypothesis was supported by the investigation of 5-methoxysalicylaldehyde release 

in a medium mimicking the microbiologic environment (Fig.10). It was observed that the 

aldehyde was rapidly released during 4 hours, progressively in the next 4 days, reaching then a 

plateau in line with the establishing of the imination equilibrium. The amount of the released 

aldehyde over time increased as the crosslinking degree decreased, triggered by the lower 

concentration of the released aldehyde in the medium, which forced the imination shifting to 

the reagents.  

 

Fig.10. The aldehyde release over 48 hours, at 37oC  

 

3.7. Swelling and stability studies of 5-methoxysalicyl-imine-chitosan hydrogels (Hx) 

Swelling and stability at different pHs are important characteristics of hydrogels which 

can determine their application, especially in vivo ones. In this light, the swelling ability and 

stability of the hydrogels were investigated at three different pHs: 7.4 which is the physiological 

pH; 5.5 – characteristic for normal dermis, and 8.5 characteristic for infected tissues [4, 56]. As 

the antimicrobial and biocompatibility tests indicated H1.5, H2, and H3 samples as the most 

promising for wound healing, they were further investigated (Fig. 11 and Table S4, S5, S6).  



a 

 
 

a) b) 

 
 

c) d) 

Fig. 11.  The swelling and mass loss of hydrogels investigated in media of different pH, at 37 

oC over 48 hours: a) swelling kinetics in PBS (pH=5.5); b) images of hydrogels after swelling 

in PBS (pH=5.5); c) the swelling ratio and d) the mass loss, in media of different pH 

 

The hydrogels rapidly swelled in all media and reached the mass equilibrium within 30 

minutes (Fig. 11c and Table S4). The swelling ratio increased once the crosslinking density of 

samples decreased, in line with their morphology; those with lower crosslinking density which 

presented a loose network of pores and fibers (H2 and H3) allowed a higher swelling compared 

with those with higher crosslinking density which presented interconnected pores (H1.5). 

Comparing the hydrogels’ behavior in different pH media, a higher swelling ratio was reached 

in acidic environment (Fig.11a, b and Table S5). This was explained by the high protonation of 

free NH2 groups of chitosan in acidic medium, causing electrostatic repulsions amongst the 

positive charges and disruption of the H-bonds. Consequently, the network expanded and more 

water could diffuse into the hydrogel [57]. On the other hand, the higher mass loss at pH=5.5 



indicated a greater dissolution due to the hydrolysis of the imine units, which impacted a much 

loss morphology and consequently an increased swelling (Fig. 11a and b). In media of 

physiological pH, a slight increase of the swelling ratio was noticed, with insignificant 

modification of the hydrogel shape. This behavior is in agreement with the deprotonating of 

free NH2 groups in basic media, which favored the H-bond interactions and consequently 

reduced the swelling capacity [17]. Interesting enough, at more basic pH (8.5) the swelling ratio 

slightly increased.  

Regarding the hydrogels’ stability, the sample weighting after 2 days showed a higher 

mass loss for the hydrogels with lower crosslinking degree and it was more advanced in acidic 

media (Fig. 11d and Table S6). All hydrogels were visual stable in the first 9 days of 

experiment, after that, the erosion of the H3 was obvious, while the other samples were visual 

stable over 3 months of investigation.  

 

3.8. Visual analysis of self-healing properties of the hydrogels 

The hydrogelation mechanism of these hydrogels relies on the formation of reversible 

covalent imine linkages, which are favorable for a self-healing process [10, 20]. Therefore, this 

possibility was investigated. Firstly, the hydrogels were injectable through a syringe needle and 

their structure was able to recover after applying a mechanical force. Another approach was to 

use Rhodamine B to mark one hydrogel, and after that it was injected through a syringe needle 

on the unmarked hydrogel. It was observed that these two different injected hydrogels were 

able to connect forming a single piece (Fig. 12). Further, they were mechanical crushed and 

instantaneous after the mechanical force removing, they formed a single piece again [58]. This 

behavior points for an easy manipulation at applying on wounds. 

  

       

Fig. 12.  Visual assessment of the self-healing ability of the hydrogels, exemplified on H3 

 



3.9. In vitro enzymatic biodegradation 

The biodegradation behavior of the hydrogels was evaluated in terms of weight loss 

over a period of 21 days, in conditions mimicking the environment of infected wounds: 

lysozyme solution of pH 8.5 at 37oC (Fig. 13) [4]. The lysozyme was chosen due to its presence 

in wound fluid, and its ability to hydrolyze the chitosan into oligomers [59, 60].The most 

promising samples for in vivo applications were chosen for this study (Fig. 13). 

 

  

 

a) b) 

Fig.13. a) In vitro biodegradation profile of representative hydrogels over 21 days. Triplicates 

of all sample were evaluated (n = 3), and each point shows the mean value ± standard 

deviation; b) images of the hydrogels after degradation  

 

As can be seen in Fig. 13a, the biodegradation occurred in three stages of different 

degradation rates. Thus, in the first day of investigation, an abrupt mass loss of 11% for H1.5 

and H2 and 21% for H3 was recorded (stage I). In the next 3 days, the biodegradation continued 

in a slower manner, reaching a mass loss around 24% for H1.5 and H2 and 29% for H3, with 

an average degradation of 6.5 and 3% per day (stage II). Further, in the next 17 days, the rate 

of mass loss slowed down more at around 0.75% per day, reaching a total mass loss of 31% for 

H1.5 and H2 and 37% for H3 (stage III). The massive mass loss in the first stage was correlated 

with the cleavage of the O-C bonds between consecutive N-acetyl-D-glucosamine units 

catalyzed by lysozyme, leading to chitosan oligomers and their diffusion to the media. The 

higher biodegradation rate of H3 was attributed to its more porous structure which facilitated 

the absorption of water and lysozyme into the hydrogel network structure, as its swelling 



behavior in PBS indicated (swelling rate of 30%, compared to 10% and 4%). Further, in the 

second biodegradation stage, it is expected as the cleavage of the O-C bonds catalyzed by 

lysozyme to continue, especially for the H1.5 and H2 samples with slower swelling in basic 

pH. The higher mass loss of H3 compared to H1.5 and H2 can be also attributed to the 

hydrolysis of the reversible imine units. This favored the breaking of the crosslinking nodes, 

weakening the network and thus facilitating the lysozymes to access faster the proper sites. The 

slow release in the stage III, could be also affected by the mass loss observed in the swelling 

investigation. Combining the data from swelling and enzymatic degradation, it can be 

concluded that the biodegradation of this hydrogels was a result of the lysozyme effect (leading 

to the cleavage of the O-C bonds) and the erosion by dissolution of the chitosan [60]. The 

visualization of the hydrogels after degradation showed smaller pores (Figure 13b) indicating 

a reorganization of the hydrogel during biodegradation, possible due to the formation of new 

imine units by imination and transamination reactions [38], as the self-healing behavior 

indicated. 

 

3.10. Conclusions 

New natural originating hydrogels with good biocompatibility and antifungal properties 

were prepared by a simple and easy method from chitosan and a vanillin isomer, i.e. 5-

methoxysalicylaldehyde. It was demonstrated that the driving force of hydrogelation rely on 

the forming of covalent reversible imine bonds and supramolecular organization of the new 

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 for 

medical devices and remarkable antifungal activity. These hydrogels presented porous 

morphology and consequently good swelling in media mimicking different biologic fluids (e.g. 

physiological pH, pH of infected tissues and pH of normal dermis) pointing for a good oxygen 

permeation and exudate drainage. Besides, they were biodegradable and presented self-healing 

behavior indicating easy manipulation in view of application on skin lesions.  
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