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Abstract 31 

A series of hydrogels based on chitosan polyamine and nitrosalicylaldehyde were 32 

prepared via dynamic covalent chemistry (DCC), by imination and transimination reactions 33 

towards ordered clusters which play the role of crosslinking nodes of the chitosan network. 34 

The hydrogelation mechanism has been proved through NMR and FTIR spectroscopy, X-ray 35 

diffraction and polarized light microscopy. The successful preparation of the hydrogels and 36 

their mechanical properties were further investigated using rheological measurements. By 37 

electron scanning microscopy, the hydrogels exhibited a channels microstructure morphology 38 

which critically influenced their fast swelling by capillarity. The hydrogels cytotoxicity was 39 

explored in vitro on HeLa cancer cells and their biocompatibility was monitored in vivo by 40 

subcutaneous implantation on rats. The novel hydrogels proved good in vitro cytotoxicity on 41 

the HeLa cells and also in vivo biocompatibility in rats. Thus, these novel biomaterials 42 

promise to be suitable for local cancer therapy.  43 

KEYWORDS: chitosan, nitrosalicylaldehyde, hydrogel, biocompatibility, antitumor     44 

 45 

1. INTRODUCTION 46 

Hydrogels are a class of soft materials extensively employed in industrial and 47 

biomedical applications. Due to their high content of water and mechanical properties similar 48 

to the natural tissues – biocompatible hydrogels are at the forefront of materials designed for 49 

tissue engineering or drug carriers. One attractive direction of their bio-application is that of 50 

precision medicine and local therapy, in particular in the cancer therapy when injection at the 51 

tumour site minimizes the side effects (Ta, Dass & Dunstan, 2008; Hong, Yoo, Kim, & Lee, 52 

2017; Sedghi et al., 2017). To this aim, hydrogels which allow an easy formulation to control 53 

the gelling time are desirable. Besides, multifunctional hydrogels which respond under the 54 

environmental stimuli as pH or temperature are further of interest in the local treatments or 55 

tissue engineering. Recent papers on this subject reported outstanding achievements. For 56 

instance, hydrogels based on PEG were successfully implemented for the treatment of heart 57 

attacks (Johnson et al., 2015), as sealants for the treatment of severe haemorrhage 58 

(Konieczynska et al., 2017) or adhesives easily removable for the treatment of second-degree 59 

burn wounds (Konieczynska et al., 2016). Chitosan based hydrogels provided good results as 60 

promoters of wound healing (Sandri et al., 2017), treatment of focal infections caused by 61 

antibiotic resistant bacteria (Korupalli et al., 2017), in loco-regional treatment of 62 

hepatocellular carcinoma (Salis et al., 2015), in photodynamic cancer therapy (Ferreiraa et al., 63 

2016) or in stem cell therapy (Naderi-Meshkin et al., 2016). It was established that the 64 
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supramolecular architecture of the hydrogels is of critical impact in regenerative medicine, 65 

having the ability to control cell behaviour in cell therapy (Storrie et al., 2007; Latxague et al., 66 

2015). 67 

Chitosan is an important component of the hydrogels applied in tissue engineering and 68 

drug delivery, due to its intrinsic biocompatibility, biodegradability, bioadhesivity, 69 

antimicrobial and haemostatic properties. Its ability to accelerate wound healing by 70 

modulating the function of the inflammatory cells is further of interest in the local therapy 71 

(Sandri et al., 2017). Due to its polycationic nature, its gelling is favoured by the basic pH 72 

(Montembault, Viton, & Domard, 2005), an important advantage in limiting the local 73 

spreading of the chitosan gel precursors in tumours or infected tissues with local acidosis 74 

(Zhang, Lin, & Gillies, 2010; Punnia-Moorthy, 1987). The main issue in using chitosan 75 

hydrogels is related to the crosslinker – generally a dialdehyde, usually glutaraldehyde, – 76 

recently proved to have a degree of toxicity to the human body (Beauchamp, St 77 

Clair, Fennell, Clarke, & Morgan, 1992).  78 

The research work of our group revealed a new concept of crosslinking of chitosan 79 

polyamine with monoaldehydes based on the reversible condensation toward imine units, 80 

which further self-order to form clusters which play the role of chitosan crosslinkers (Marin, 81 

Simionescu, & Barboiu, 2012; Marin et al., 2014; Ailincai et al., 2016; Marin, Ailincai, 82 

Morariu, & Tartau-Mititelu, 2017; Iftime, Morariu, & Marin, 2017). The self-order ability of 83 

the newly formed imine units is favoured by the imination and transimination reactions on the 84 

chitosan polyamine under the pressure of reaching the most stable structures, by dynamic 85 

covalent chemistry (DCC) (Liu, & Li, 2013; Ruff et al., 2010; Nasr et al., 2009; Marin et al., 86 

2016). The method is advantageous, due to the large variety of safe aldehydes and their safer 87 

use compared to the dialdehydes (Beauchamp, St Clair, Fennell, Clarke, & Morgan, 1992) 88 

which allow the tuning of the hydrogel properties. 89 

In this context, we designed hydrogels based on chitosan and nitrosalicylaldehyde for 90 

local targeting of tumours. The rational design took into consideration the antitumor effect 91 

proved by chitosan (Mattaveewonga et al., 2016; Xia, Liu, Zhang, & Chen, 2011) and by the 92 

imines based on nitrosalicyladehyde residue (Luo, Sui, Lin, & Wu, 2016; Lu, Guo, Sang, & 93 

Guo, 2013; Zahedifard et al., 2015; Rama, & Selvameena, 2015). It was reported that imines 94 

bearing nitrosalicylaldehyde residue have significantly improved antitumor activity compared 95 

to other substituents, e.g. halogen derivatives (Luo, Sui, Lin, & Wu, 2016). It was envisioned 96 

that combining chitosan with nitrosalicylaldehyde will produce supramolecular hydrogels via 97 

DCC pathway. They keep good premises to combine the beneficial properties of chitosan in 98 
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protecting the tissues with the antitumor activity of the nitrosalicylaldehyde, with a local 99 

spreading of the hydrogels limited by the basic pH of the normal tissue. As a proof of 100 

concept, supramolecular hydrogels were obtained from chitosan and nitrosalicylaldehyde, 101 

with a fast gelling in contact with a basic medium and self-healing in an acidic medium, with 102 

good in vitro cytotoxicity on HeLa tumor cell line and in vivo biocompatibility on rats. 103 

 104 

2. EXPERIMENTAL 105 

2.1.Materials 106 

2-hydroxy-5-nitrobenzaldehyde (nitrosalicylaldehyde) (98%), chitosan (217.74 kDa, 107 

DA: 85 %), D-glucosamine hydrochloride, phosphate buffer (1.0 M, pH=7.4) were purchased 108 

from Aldrich and used as received. Buffer solution pH=4±0.02 was purchased from Carl 109 

Roth. HeLa cells (from CLS-Cell-Lines-Services-GmbH, Germany) were cultivated in tissue 110 

culture flasks with alpha-MEM medium (Lonza) supplemented with 10% fetal bovine serum 111 

(FBS, Biochrom GmbH, Germany) and 1% Penicillin-Streptomycin-Amphotericin B mixture 112 

(10K/10K/25 µg in 100 ml, Lonza). The medium was changed with fresh one every 3 or 4 113 

days. Once cells have reached confluency, they were detached with 1x Trypsin-Versene 114 

(EDTA) mixture (Lonza), washed with phosphate buffered saline (PBS, Invitrogen), 115 

centrifuged at 200 x g for 3 minutes and subcultured into new tissue culture flasks. 116 

2.2.Syntheses 117 

Model compound (MC): 118 

A model compound was synthetized from 2-hydroxy-5-nitrobenzaldehyde (5-119 

nitrosalicylaldehyde) and glucosamine (Scheme 1) in order to obtain a characterization data 120 

set to properly confirm the synthetic pathway and to better understand the studied properties. 121 

 122 

Scheme 1. Synthesis of the model compound (MC) 123 

 124 

A solution of D-glucosamine hydrochloride (0.1 g, 0.464 mmol) in water (1.2 mL) was heated 125 

at 35 oC and then loaded to an anion exchanger column (Amberlite IRA-67 resin). The free 126 

glucosamine solution was allowed to slowly drop wise to the 6% nitrosalicylaldehyde solution 127 
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(0.033g, 0.197 mmol) in ethanol, under vigorous magnetic stirring, at 35 oC. After 4 h a 128 

yellow solid precipitated. The yellow powder was filtered, washed with a mixture of water 129 

and ethanol (2/1; v/v) and recrystallized from acetonitrile to give yellow needles proper for 130 

single crystal X-ray analysis, 74% yield. C13H16N2O7: Mr = 312 g mol-1; space Group: I2; cell 131 

lengths: a = 10.127(6) Å, b = 5.155(5) Å, c = 27.746(8) Å; cell angles: α = 90 o, β = 93.04(4) 132 

o, γ = 90 o; cell volume: V = 1446.43 Å3.; FTIR (KBr): 1613 (CH=N), 1546 (C=C), 1510 (NO2 133 

asym), 1321 (NO2 sym), 1236 (OH).; 1H NMR (400.13 MHz, DMSO-d6, ppm): δ = 8.71 (s, 134 

1H, CH=N), 8.54 and 8.49 (s, 1Har α/β=5.6/1), 8.14, 8.12 and 8.05, 8.03 (d, 1H, α/β=5.6/1), 135 

7.18, 7.17 and 7.09, 7.08 (d, 1H, -OH, α/β=5.6/1), 6.82, 6.8 and 6.6, 6.57 (d, 1Har α/β=5.6/1), 136 

5.57, 5,54 and 5.44, 5.42 (d, 1H, -OH, α/β=5.6/1), 5.24, 5.20 and 5.18, 5.17 (d, 1H, -OH, 137 

α/β=5.6/1), 4.85, 4.83, 4.81 and 4.59, 4.57, 4.55 (t, 1H, α/β=5.6/1), 4.64 and 4.57 (s, 1H, -OH, 138 

α/β=5.6/1), 3.74-3.16 (superposed peaks, 4H), 3.09, 3.07, 3.05(t, 1H). 139 

Hydrogels: The hydrogels synthesis has been performed according to a published procedure 140 

(Marin, Ailincai, Morariu, & Tartau-Mititelu, 2017; Iftime, Morariu, & Marin, 2017). Shortly, 141 

a 1% solution of nitrosalicylaldehyde in ethanol has been slowly dropped under vigorous 142 

stirring into a round bottom flask containing a solution of 2% chitosan in 0.7% acetic acid at 143 

55 oC. The amounts of aldehyde and chitosan were calculated to correspond to different molar 144 

ratios of the glucosamine units of chitosan to aldehyde, from 1/1 to 10/1 (Table 1). The 145 

gelation of the reaction mixture occurred at different times, depending on the molar ratio of 146 

the functional groups (Table 1). The gels were semisolid, transparent, deep yellow materials, 147 

with orange luminescence under UV lamp. Their NMR spectra confirmed the total conversion 148 

of the aldehyde into imine linkages. The hydrogels were kept around 48 hours to remove the 149 

ethanol, and further they were lyophilized to obtain the corresponding xerogels. 150 

 151 

Table 1. Reaction parameters of the hydrogel synthesis 152 

Code A1 A2 A3 A4 A4.5 A5 A5.5 A6 A7 A8.5 A10 

NH2:CHO ratio 1:1 2:1 3:1 4:1 4.5:1 5:1 5.5:1 6:1 7:1 8.5:1 10:1 

Chitosan (mg) 60 60 60 60 60 60 60 60 60 60 60 

NSA (mg) 51.6 25.8 17.0 12.9 11.5 10.4 9.4 8.5 7.4 6.1 5.2 

Gelation time (min) * * * * * 1 60 120 1440 -  - 

Xerogels (mg) 111.6 85.8 77.0 72.9 71.5 70.4 69.4 68.5 67.4 66.1 65.2 

*The gelation occurred instantaneous as the aldehyde solution was added; NSA= 2-hydroxy-5-153 
nitrobenzaldehyde (nitrosalicylaldehyde) 154 

 155 

2.3. Equipment and measurements 156 
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The NMR spectra were registered with a BRUKER Avance DRX 400 MHz 157 

spectrometer, at room temperature. The chemical shifts were reported as δ values (ppm) 158 

relative to the residual peak of the deuterated solvent. 159 

ATR-FTIR spectra of the model compound, chitosan and the chitosan based hydrogels 160 

were measured on a FT-IR Bruker Vertex 70 Spectrofotometer. The spectra were processed 161 

using OPUS 6.5 software. 162 

X-Ray Diffraction of the xerogels was performed by wide angle technique (WAXD) 163 

on a Bruker D8 Avance diffractometer, using Ni-filtered Cu-K radiation ( = 0.1541 nm), 164 

working conditions: 36 kV, 30 mA. The diffractograms were recorded in the 250o range 165 

(2θ°), at room temperature. The samples were prepared as pellets by applying a pressure of 10 166 

N/m2. X-ray diffraction of the model compound has been performed by single crystal X-ray 167 

diffraction techniques on an Oxford-Diffraction XCALIBUR E CCD diffractometer equipped 168 

with graphite-monochromated Mo Kα radiation. 169 

Polarized light microscopy (POM) of the model compound and hydrogels was 170 

performed with an Olympus BH-2 polarized light microscope, on thin samples placed 171 

between two lamellae. 172 

Scanning electron microscopy (SEM) was realized with a field emission Scanning Electron 173 

Microscope SEM EDAX – Quanta 200, operated at an accelerating voltage of 20 keV.  174 

The swelling of the hydrogels was monitored by calculating the mass equilibrium 175 

swelling (MES), with the equation: MES = (Ms-Md)/Md, where Ms is the mass of the 176 

hydrogel in swollen state and Md is the mass of the hydrogel in the initial dried state. The 177 

measurements were performed on three different pieces of each xerogel. The samples were 178 

immersed in vials containing 20 mL of swelling media, and their mass was weight from time 179 

to time, until became constant. To establish the stability of the hydrogels, the samples were 180 

kept in swelling media for three months, and weighted weekly. 181 

The rheological properties of the hydrogels were determined at 37 C on a MCR302 182 

Anton-Paar rheometer equipped with a Peltier device. All measurements were registered with 183 

a plane-plane geometry (diameter of 25 mm) and an anti-evaporation device. The following 184 

rheological tests were carried out in order to establish the viscoelastic properties of the 185 

prepared samples: a) amplitude sweep tests at 10 rad/s in the stress range of 8x10-3 Pa - 5x102 186 

Pa, which allowed the determination of the linear viscoelastic regime (LVR) for each sample; 187 

b) frequency sweep measurements at a constant shear stress value from LVR in the frequency 188 

range of 0.5 rad/s  - 102 rad/s in order to determine the values of the storage (G’) and loss (G”) 189 
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moduli; c) steady flow measurements performed at shear rates between 10-3 1/s and 2x102 1/s 190 

to establish the zero shear viscosity (o) and critical yield stress (c) values; d) oscillatory step 191 

tests at 10 rad/s carried out alternatively for 120 s at low strain (1%) and 30 s at very high 192 

strain (1000%), only for the samples with gel-like properties which were dried by 193 

lyophilisation and then swollen in water;  the samples were subjected to two pulses of high 194 

strain and the structure recovery was monitored in each case. The values of zero shear 195 

viscosity (o) were determined using the Cross equation (Cross, 1965): 196 

  η = η∞ + (ηo − η∞)/(1 + ( ∙ γ̇)n)                                      (1) 197 

where n is a dimensionless constant,  is a constant which can be associated with the rupture 198 

of the linkages in the material structure. o and  represent the viscosities at zero and infinite 199 

shear rate, respectively. For fitting of experimental data with eq. 1, it was considered  as 200 

being the viscosity of water at 37 C (0.690 mPa∙s) because our data did not reach the 201 

Newtonian region. 202 

In vitro cytotoxicity study: The in vitro cytotoxicity has been evaluated by direct 203 

contact method, following ISO standard 10993-5 (Wang et al., 2013). Prior to the tests, the 204 

hydrogels were sterilized by immersion in 70% ethanol solution, washed twice in sterile 205 

ultrapure water, air dried in a sterile environment and kept under UV for 30 minutes (Dai et 206 

all., 2016). The aldehyde precursor (NSA), the model compound (MC) and the chitosan (C) 207 

used as control references were sterilized only by UV exposure. Cytotoxicity was measured 208 

using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega). HeLa 209 

cells were seeded into a 96-well culture plate at a density of 1x104 cells per well in 100 µl 210 

culture medium (alpha-MEM medium supplemented with 10% fetal bovine serum (FBS) and 211 

1% Penicillin-Streptomycin-Amphotericin B mixture (10K/10K/25 µg)). After 24 hours the 212 

medium in each well was replaced with 200 µl mixture containing fresh medium and solution 213 

of model compound or aldehyde. For direct hydrogel-cell contact various amounts of 214 

hydrogel, 6.46 mg A2 containing 0.318 µmol imine units; 7.2 mg A3 containing 0.241 µmol 215 

imine units, and 7.6 mg A4 containing 0.190 µmol imine units, were placed to each well 216 

containing 200 µl cell culture medium. The activity of the aldehyde precursor and model 217 

compound was screened for 1% DMSO solutions containing similar amounts to those 218 

comprised in the tested hydrogels, meaning 0.054 mg (NSA2), 0.04 mg (NSA3), 0.034 mg 219 

(NSA4) in the case of the aldehyde and of 0.104 mg (MC2), 0.079 mg (MC3), 0.064 mg 220 

(MC4) in the case of the model compound. 8 biological replicates were performed for each 221 

sample. After 44 hours, the hydrogel was removed from each well along with 100 µl cell 222 
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medium. 20 μL of CellTiter 96® Aqueous One Solution reagent was added to each well, and 223 

the plates were incubated for another 4 hours before reading the results. Absorbance at 490 224 

nm was recorded with a plate reader (EnSight, PerkinElmer). Cell viability was calculated and 225 

expressed as percentage relative to viability of the untreated cells which served as negative 226 

control for the hydrogels. Cells incubated with 1% DMSO served as negative control for the 227 

model compound and aldehyde. After 24 and 48 hours of incubation, all cell culture plates 228 

were inspected using an inverted microscope Leica DMI 3000 B and images were acquired 229 

using the bright field filter and the 5X objective. 230 

 In vivo biocompatibility was performed on rats by subcutaneous implantation tests 231 

(Peacman, 2011). The animals were housed in plastic cages, under standard laboratory 232 

conditions (22-24oC, relative humidity 55-65% and a cycle 12-hour light/12-hour dark), with 233 

free access to water and standard diet (granulated food), except during the period of the 234 

experiments. After a quarantine period of 7 days, the rats were randomly divided into 5 235 

groups of 6 animals each, according to the following protocol: Group I (C): control group 236 

(without pellets); Group II (C-p): positive control group (with cotton pellets implantation); 237 

Group III (A2): A2 hydrogel; Group IV (A3): A3 hydrogel; Group V (A4): A4 hydrogel. 238 

For the in vivo biocompatibility of these hydrogels, after subcutaneous implantation in rats, 239 

the standardized granuloma model was performed. In positive control group rats, sterile 240 

cotton pellets saturated with saline solution were used. A control group without implanted 241 

pellets were used as negative control reference (C). 242 

At the beginning of the experiment, animals were anaesthetized with ketamine and 243 

xylazine, incised in one side in their dorsal area and pellets of 62 mg (with cotton or with 244 

different hydrogels) were subcutaneous introduced. The implanted pellets reacted as a foreign 245 

constituent, inducing a subacute local inflammatory reaction. The implanted hydrogels were 246 

obtained from 0.9 mg of chitosan and different amounts of aldehyde: 0.4 mg for A2, 0.27 mg 247 

for A3 and 0.209 for A4.  248 

The biocompatibility properties of the hydrogels were studied by assessing the effects 249 

on the blood, the serum biochemical and immune parameters. After 24 hours of the 250 

experiment and after 8 days, 0.5 ml of blood samples were taken from the ophthalmic vein of 251 

rats anaesthetized with ethylic ether, and the following parameters were determined: the 252 

differential white cell percentage (polymorphonuclear neutrophils - PMN, lymphocytes - Ly, 253 

eosinophils - E, monocytes - M, basophils - B). In addition, the liver enzymes (glutamic 254 

pyruvic transaminase – GPT, glutamic oxaloacetic transaminase – GOT and lactic 255 
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dehydrogenase - LDH) activity was examined (De Jong, Carraway, & Geertsma, 2012; Wolf, 256 

& Andwraon, 2012). 257 

In the eighth day of the investigation, the phagocytic capacity of peripheral neutrophils 258 

(the nitro-blue tetrazolium - NBT test) and the activity of serum complement were assessed. 259 

These parameters belong from a group of tests used to monitor the immunologic effects of the 260 

pharmacologic agents in experimental studies on laboratory animals (Peacman, 2011). 261 

Data were analysed using SPSS 17.0 for Windows program; the one-way ANOVA 262 

method was used to compare the mean values of the groups; the two-way ANOVA and the 263 

Newman-Keuls post-hoc method were used for multiple comparisons of the mean values. The 264 

differences having the P-value below 0.05 were considered to be significant comparing to 265 

control group. Experimental protocol was implemented according to recommendations of the 266 

``Grigore T. Popa`` University Committee for Research and Ethical Issues in agreement with 267 

the international guidelines, for handling and use of experimental animals. Each rat was used 268 

once only, and the interval of the experiments was kept as short as possible. For ethical 269 

reasons, all the animals were sacrificed at the finalization of the study (Protocole, 1998).  270 

 271 

3. RESULTS AND DISCUSSIONS 272 

3.1.Synthesis and characterization. Imine formation and its stability 273 

Supramolecular hydrogels were prepared by reacting chitosan with 2-hydroxy-5-274 

nitrobenzaldehyde (nitrosalicylaldehyde) by condensation reaction assisted by the 275 

supramolecular ordering of the newly formed nitrosalicylimine-chitosan into ordered clusters, 276 

which played the role of crosslinking nodes (Marin, Ailincai, Morariu, & Tartau-Mititelu, 277 

2017; Iftime, Morariu, & Marin, 2017). Varying the molar ratio of the NH2/CHO functional 278 

groups, a series of hydrogels with different percentage of crosslinking nodes have been 279 

obtained, called A1-A7 (Table 1). The gelation process was visually confirmed by the 280 

inversion test (Scheme 2). To better understand the gelation mechanism, a model compound 281 

(MC) has been synthesised from 2-hydroxy-5-nitrobenzaldehyde and glucosamine (Scheme 282 

1). The mechanism of gelation was deciphered analysing the data of the NMR and FTIR 283 

spectroscopy and X-ray diffraction and POM images of the hydrogels and the model 284 

compound, as well. 285 
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 286 

Scheme 2. Synthesis of the hydrogels 287 

 288 

NMR spectra revealed the formation of the imine linkage by the appearance of the 289 

characteristic chemical shift around 8.7 ppm, while the band specific to the aldehyde unit 290 

(10.3 ppm) completely disappeared indicating its total consumption (Figure 1a). Except the 291 

aromatic proton having nitro and imine ortho neighbours, the other aromatic protons and the 292 

imine proton were downfield with respect to their counterparts in the model compound, due to 293 

the intramolecular H-bonding, (Figure 1a) which reduced the valence electron density 294 

creating a deshielding effect of the molecule’s edge. The slight upfield of the aromatic proton 295 

having nitro and imine ortho neighbours with respect to its counterparts in the model 296 

compound was associated with a slightly shielding effect exerted by the chitosan surrounding. 297 

Comparing with the model compound, the proton signals of the nitrosalicyl-imine segments in 298 

hydrogels were drastically broadened, feature attributed to the reducing of their mobility by 299 

grafting on the semiflexible chitosan chains (Ruff et al., 2010). Compared to other imino-300 

chitosan derivatives (Marin, Simionescu, & Barboiu, 2012; Marin et al., 2014; Ailincai et al., 301 

2016; Marin, Ailincai, Morariu, & Tartau-Mititelu, 2017; Iftime, Morariu, & Marin, 2017; 302 

dos Santos, Dockal, & Cavalheiro, 2005; Stroescu et al., 2015; Pestova et al., 2016) it must be 303 

noted the total conversion of the aldehyde into imine units in aqueous medium. The total 304 

shifting of the condensation equilibrium to the products was assessed to the stabilization of 305 

imine linkages (electron donor) by strong conjugation with nitro group (electron 306 

withdrawing). Besides, the imine linkages were further stabilized by intramolecular H-bond 307 

(Nasr et al., 2009; Kovaricek, & Lehn, 2012). Moreover, the poor solubility of the 308 

nitrosalicylaldehyde in water also played an important role in the shifting the equilibrium to 309 

the products (Godoy-Alcántar, Yatsimirsky, & Lehn, 2005).  310 

To investigate the nitrosalicyl-imine stability and implicitly its ability to undergo 311 

constitutional exchange, the NMR spectrum of the model compound was registered in 312 

different conditions, at each 24 hours, during 5 consecutive days. In the 1H-NMR spectrum 313 

registered in a mixture of DMSO-d6/water (20/1, v/v), the chemical shift of the aldehyde 314 
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proton appeared as a low intensity band, indicating that the aqueous medium slightly shifted 315 

the reaction equilibrium to the reagents (Supporting Information, Figure S1a). In a mixture of 316 

DMSO-d6/acetic acid 0.7% (20/1, v/v), the 1H-NMR spectrum exhibited the chemical shifts 317 

of both aldehyde and amine reagents, but an insignificant signal of the imine proton, 318 

indicating that the reaction equilibrium was shifted to the reagents (Supporting Information, 319 

Figure S1b). On the contrary, as stated above, the hydrogels obtained in 0.7% solution of 320 

acetic acid showed the total shifting of the reaction equilibrium to the imine products. This 321 

fact suggests supplementary stabilization forces. It was assumed that the ability of the imine 322 

units to bond small amount of water/acetic acid inside the ordered clusters (see single crystal 323 

on the model compound) favoured the internal self-transimination processes to the most stable 324 

supramolecular architecture, increasing their strength (Kovaricek, & Lehn, 2012). 325 

 a) 
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Figure 1. Comparative a) 1H-NMR and b) FTIR spectra of the model compound (MC), 326 

representative hydrogels and chitosan 327 

   328 

Further, the presence of the imine band in hydrogels has been confirmed by the FTIR 329 

spectra, by the occurrence of the stretching vibration of the imine linkage (1613 cm-1) as a 330 

sharp band which replaced the broad amide band of chitosan (1640 cm -1). The imine band 331 

became much intense once the amount of aldehyde reagent increased, consistent with the 332 

increasing of the density of imine units (Figure 1b). Concomitantly, the characteristic band of 333 

the amine groups (1546 cm-1) diminished indicating its consumption. Important changes in 334 

the spectral domain related to the O-H stretching vibrations, intra- and inter-molecular H-335 

bonded (3500-2800 cm-1) indicated rearrangements of the hydrogen bonding network during 336 

the gelation process, in agreement with significant modifications at supramolecular level 337 

(Marin et al., 2014; Ailincai et al., 2016; Marin, Ailincai, Morariu, & Tartau-Mititelu, 2017; 338 

Iftime, Morariu, & Marin, 2017; Marin et al., 2015).  339 
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3.2.Supramolecular architecture 340 

The morphological changes indicated by the FTIR spectra, were clearly attributed by 341 

wide angle X-ray diffraction (WXRD) on the corresponding xerogels, which indicated 342 

modifications of the position and intensity of the reflections bands compared to chitosan, 343 

consistent with the formation of a 3D lattice (Figure 2b) (Marin et al., 2014; Ailincai et al., 344 

2016; Marin, Ailincai, Morariu, & Tartau-Mititelu, 2017; Iftime, Morariu, & Marin, 2017; 345 

Marin et al., 2015). The 3D-architecture, as indicated by WXRD pattern, agreed well with the 346 

supramolecular architecture of the model compound (Figure 2a), indicating similar driving 347 

force for ordering. The diffraction pattern of the xerogels changed its shape compared to the 348 

chitosan one, along with increasing the density of imine units. Chitosan presented two broad 349 

reflections of low intensity, centred at 12 o (7.7 Å) and 22 o (4.41 Å), respectively, attributed 350 

to a semicrystalline morphology (Leceta, Guerrero, Ibarburu, Dueñas, & de la Caba, 2013). 351 

As the density of imine units on the chitosan backbones increased, a significant increase of 352 

the crystallinity degree occurred, involving (i) the increase in intensity of the reflection at 353 

wide angle concurrently with its shifting to lower angles (20 o) corresponding to a higher d-354 

spacing (4.48 Å); (ii) the increase in intensity of the reflection at middle angle and its shifting 355 

from 12 to 13 o, to lower distances (6.85 Å); (iii) the appearance of a new reflection band 356 

around 6 o (14 Å) and its increase in intensity as the imine density increased. The lower angle 357 

reflection band was attributed to the layered architecture formed due to the 358 

hydrophobic/hydrophilic segregation, as the single crystal X-ray diffraction of the model 359 

compound showed (Figure 2a). Overall, the xerogels diffractograms revealed the signature of 360 

a supramolecular 3D-arrangement. Taking into consideration the different density of imine 361 

units in hydrogels, it was assumed that 3D-ordered clusters were formed. They played the role 362 

of crosslinking nodes bonding the free chitosan chains into a network (Supporting 363 

Information, Figure S2) and leading thus to hydrogelation. Compared to other imino-chitosan 364 

systems reported in literature (Marin, Simionescu, & Barboiu, 2012; Marin et al., 2014; 365 

Ailincai et al., 2016; Marin, Ailincai, Morariu, & Tartau-Mititelu, 2017; Iftime, Morariu, & 366 

Marin, 2017; de Araújoa, Barbosa, Dockal, & Cavalheiro, 2017) it could be remarked a lower 367 

intensity of the band characteristic to the inter-layer distance, reflecting a lower magnitude of 368 

the layering. This was attributed to the fast reaction of chitosan with nitrosalicylaldehyde 369 

forming stable imine units, and thus rapid occurrence of the 3D-ordered clusters of low 370 

dimension. It is worth to remark that the single crystal of the model compound entrapped 371 

water molecules inside (Figure 2a), indicating the possibility to encapsulate small amounts of 372 

water inside the ordered clusters of the hydrogels too. 373 
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a) b) 

  

c) d) 

Figure 2. X-ray diffraction of the a) model compound (MC) on single crystal and b) xerogels 374 

pellets; and polarized light microscopy images of the c) model compound and d) hydrogel A1 375 

(the pyranose ring and the H-bonds in the crystal structure of MC were represented in cyan) 376 

 377 

The supramolecular architecting of the nitrosalicylimine-chitosan was further 378 

demonstrated by polarized light microscopy (POM). As can be seen in figure 2d, the walls of 379 

the hydrogel pores were birefrigent, with a banded texture characteristic to the smectic 380 

layered mesophases of the polymer liquid crystals (Geng et al., 2003; Zabulica, Perju, Bruma, 381 

& Marin, 2014). The same banded texture could be also observed for the model compound 382 

(Figure 2c), suggesting that it originated from the layered supramolecular architecture given 383 

by segregation the nitrosalicyl-imine segments (Figure 2a). More POM microphotographs 384 

were given in Supporting Information, Figure S3. 385 

3.3.Morphology 386 

The morphology of the hydrogels was observed using a scanning electron microscope 387 

(SEM). They have a sponge-like aspect, with random interconnected pores of size around 50 388 
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µm forming an open channels architecture (Figure 3), which can allow a good oxygen and 389 

nutrient permeability, a good retention of the tissue fluids and a high surface-to-volume ratio - 390 

important advantages for bio-medical applications. Moreover, the interconnected pores 391 

increase the ability of a fast swelling and water retention– critical aspects for drug delivery 392 

systems or soil conditioners (Chen, Park, H., & Park, K., 1999). The pore size increased as the 393 

density of nitrosalicylimine segments in hydrogels decreased. 394 

 
A2 

 
A4 

 
A5.5 

 
A7 

Figure 3. Representative SEM images of the xerogels 395 

3.4. Swelling measurements 396 

The swelling ability of the hydrogels has been investigated by measuring the mass 397 

equilibrium swelling (MES) in three media of distinct pH: (a) phosphate buffer solution 398 

(PBS) of pH = 7.4, close to that of biological tissues; (b) citrate buffer solution of pH = 4, 399 

close to the one of stomach and (c) water of neutral pH (Figure 4a), during three months.  400 

In all three media, the hydrogels completely rehydrated and swelled very fast. The 401 

samples reached 90 %, 80 %, and 70 % of MES, in basic, acidic and neutral medium, 402 

respectively, in less than one minute (Figure 4b). Compared to the conventional hydrogels 403 

which do not swell to a measurable extent during 30 minutes, the studied hydrogels behave 404 
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similar to superporous hydrogels (Chen, Park, H., & Park, K., 1999), swelling to the 405 

equilibrium size in less than 10 minutes. This behaviour has been assigned to the channels 406 

microstructure which assured a fast swelling by capillarity. The hydrogels with higher 407 

crosslinking density (A2, A3) swelled slower, while those with medium or low crosslinking 408 

density (A4 - A7) swelled faster. The MES values were close related to the pH of the swelling 409 

media and the crosslinking density of the hydrogels. It was increased when the crosslinking 410 

density decreased, reaching a maximum for A5.5 sample. In neutral water the maximum MES 411 

had the value of 198, once again reminiscent of superporous hydrogels (Iftime, Morariu, & 412 

Marin, 2017; Chen, Park, H., & Park, K., 1999). In basic medium the hydrogels swelled less, 413 

the maximum of MES reaching the value of 47, with a good dimensional preservation (Figure 414 

4b, c) – an important advantage for tissue engineering (El-Sherbiny, & Yacoub, 2013) or 415 

subcutaneous drug delivery (Hoare, & Kohane, 2008). Moreover, the MES slightly decreased 416 

after 5 minutes, behaviour attributed to the shrinkage of the hydrogel due to the neutralization 417 

of the traces of acetic acid in basic media. When a mixture of chitosan - nitrosalicyladehyde 418 

was injected in a phosphate buffer solution, its fast gelation has been observed, forming a 419 

spherical shape (Figure 4c). Contrary to the general behaviour of the chitosan hydrogels, in 420 

acidic medium, the MES values were lower than in water reaching the maximum value of 123 421 

in the case of A5.5 sample. This could be an important advantage for local administration into 422 

damaged tissues with acidic microenvironment (infected or tumours) (Zhang, Lin, & Gillies, 423 

2010; Punnia-Moorthy, 1987). After one hour of swelling period, no significant changes of 424 

the MES were registered; the hydrogels were stable in all three media, even after 3 months. 425 

Moreover, the MES value in water still slightly increased, recommending them for agriculture 426 

applications as soil conditioners. Among the tested hydrogels that obtained for a 5.5/1 molar 427 

ratio of the –NH2/-CHO functional groups proved to have the fastest swelling and the highest 428 

MES values. 429 

 430 
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a) 

 

 
 

 

c) 

 
b) 

Figure 4. Mass equilibrium swelling in different pH media of the a) hydrogels and b) A5.5 431 

measured during the time and hydrogel images before and after swelling in the three media; c) 432 

A5.5 hydrogel injected in PBS 433 

 434 

To monitor the hydrogel stability after swelling in different pH media, the FTIR 435 

spectra of the samples obtained by lyophilization of the hydrogels swollen for 3 months were 436 

registered. They showed slight less intense imine band compared to the FTIR spectra of the 437 

initial hydrogels, indicating a slow degradation (Supporting Information, Figure S4). 438 

 439 

3.5.Rheology 440 
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To confirm the gel-like behaviour of the studied samples and to establish their 441 

mechanical properties, rheological behaviour of the samples was monitored by amplitude, 442 

frequency sweep and steady flow measurements and oscillatory step tests.  443 

The linear viscoelastic regime (LVR) was determined at an increasing of the stress 444 

from 8x10-3 Pa to 5x102 Pa, at a constant oscillation frequency of 10 rad/s (Figure 5a). The 445 

samples with NH2/CHO ratio lower than 7 (A4.5-A7) had the G’ elastic modulus higher than 446 

G” viscous modulus indicating a gel-like behaviour (Supporting Information, Table S1). On 447 

contrary, for the samples obtained with lower amount of nitrosalicylaldehyde (A8.5, A10) the 448 

G’ elastic modulus overturned under the G” viscous one (G’<G”), in concordance with a 449 

liquid-like character. Viscoelastic parameters were constant for each sample up to a limiting 450 

shear stress (L) value from which the structure began to change (Supporting Information, 451 

Table S1). The hydrogels with higher crosslinking density (A4.5, A5, A5.5) were stable up to 452 

about 150 Pa when the gel network started to destruct and the samples acquired liquid-like 453 

properties (Supporting Information, Table S1). Lower crosslinking densities determined lower 454 

L values; the sample A7 was stable up to 134 Pa, while the samples with NH2/CHO ratio 455 

higher of 8.5 (A8.5, A10) showed significant lower values of L around 25 Pa. Crosslinking of 456 

chitosan with a lower amount of nitrosalicylaldehyde induced a narrower LVR, in 457 

concordance with a lower density of imine linkages and thus lower density of crosslinking 458 

nodes. The elastic moduli vary as function of the NH2/CHO ratio. 459 

The gel properties of the A4.5-A7 samples were further confirmed by the frequency 460 

sweep tests. As can be seen in figure 5b, their G’, G’’ rheological parameters increased as the 461 

density of the crosslinking nodes increased. The gel point has been accurately established by 462 

the calculation of the loss factor, tan , as ratio between the loss and storage moduli. It is 463 

generally accepted that tan > 1 indicates liquid-like properties, tan  < 1 means gel-like 464 

behaviour, and the point at which tan  becomes equal to unity (G’ = G”) represents the 465 

liquid-gel transition point. As can be seen in Supporting Information, Figure S5a, when tan  466 

was graphically represented as a function of the value of the NH2/CHO ratio of the 467 

investigated samples, the gelling point has been reached for a NH2/CHO ratio around 7.7.  468 
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Figure 5. Rheological behaviour of the studied samples: a) Viscoelastic response as a 469 

function of applied shear stress at 10 rad/s and 37 C; b) Frequency sweep determined at 1 470 

rad/s and 37 C; c) Flow curves (the full lines represent the fits of experimental data with 471 

Cross equation (eq. 1)); and d) Variation of G’ and G” when the strain is alternating from 1% 472 

to 1000% at constant frequency (10 rad/s) 473 

 474 

To establish the behaviour of the hydrogels under continuous flow, the steady shear 475 

experiments were performed at 37 C, in the shear rate range between 10-3 1/s -  476 

102 1/s. All samples exhibited shear thinning behaviour and those in gel state presented yield 477 

stress (Figure 5c). The hydrogel samples revealed a critical value of the shear stress (yield 478 

stress, c) at which the viscosity suddenly decreased and the hydrogels started to flow. As 479 

expected, the c values goes to lower values as the crosslinking density of the samples 480 
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decreased (Supporting Information, Table S1), indicating more elastic hydrogels for a higher 481 

crosslinking density. 482 

The value of zero shear viscosity (o) determined by using the Cross equation (Cross, 483 

1965) remained almost constant for the samples with higher crosslinking density (A4.5, A5, 484 

A5.5) and abruptly decreased in the case of the samples A7 - A10, indicating the diminishing 485 

of the resistance to permanent deformations as the structure stiffness associated with 486 

crosslinking density decreased (Supporting Information, Figure S5b, Table S1) (Tamesue et 487 

al., 2013). A similar conclusion has been drawn looking to the values of  constant in Cross 488 

equation. Usually, high values of  are obtained for materials with structural breakdown at 489 

relatively low shear rate. As expected, the hydrogels characterized by high crosslinking 490 

density (A4.5, A5, A5.5) exhibited lower values of  indicating that their structural 491 

breakdown occurs at higher shear rate. 492 

An important rheological parameter for hydrogels application is the recovery capacity 493 

of their mechanical properties (Zhu et al., 2017). The recovery for the hydrogel samples was 494 

investigated at 10 rad/s, in five consecutive steps, in which the strain is alternately changed 495 

from low strain (corresponding to LVR 1% for 120 s) to very high strain, above the 496 

deformation limit (1000% for 30 s). As can be seen in figure 5d, under low strain the 497 

hydrogels preserved their gel-like behaviour (G’ > G”). Applying a high strain for a short 498 

period, G’ and G” instantly decreased and G’ became lower than G’’ (G’ < G”) characteristic 499 

to the liquid-like samples, indicating the breaking of the hydrogel network. Upon the removal 500 

of the first high strain pulse the gel network recovered up to 50.7% - 60.4% of its initial 501 

structure (Supporting Information, Table S1). The structural recovery after the next high 502 

strain pulse was above 85% for all studied samples. The ability of the hydrogels to recover 503 

their mechanical properties after applying a high strain was not significantly influenced by the 504 

density of the imine covalent bonds and thus the crosslinking density. Generally speaking, the 505 

recovered strain degree and the viscoelastic parameters of the hydrogels based on chitosan are 506 

influenced by the nature of the crosslinking, physical or chemical one (Bercea, Bibire, 507 

Morariu, Teodorescu, & Carja, 2015). The values of the elastic recovery degree after 508 

subjected to repeated deformations were similarly to those reported for physical hydrogels 509 

based on chitosan, poly(ethylene oxide) and clay (Morariu, Bercea, & Sacarescu, 2014). The 510 

results are in agreement with the supramolecular architecture of the network nodes, in which 511 

the cohesion forces can be disrupted under a high strain and partial recovered during the low 512 

strain step.  513 
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3.6. Cytotoxicity tests 514 

Literature survey revealed that some imines bearing nitrosalicylaldehyde residue 515 

exhibited antitumor activity (Luo, Sui, Lin, & Wu, 2016; Lu, Guo, Sang, & Guo, 2013; 516 

Zahedifard et al., 2015; Rama, & Selvameena, 2015). To evaluate the potential of the studied 517 

hydrogels in cancer therapy, their cytotoxicity against HeLa – a common human cancer cell-518 

line, was investigated by MTS assay. To properly attribute the inhibitory activity, HeLa cells 519 

were incubated with hydrogels of different content of imine units (A2 (0.318 µmol), A3 520 

(0.241 µmol), A4 (0.190 µmol)) and with equivalent molar amounts of model compound 521 

(MC2 (0.318 µmol), MC3 (0.241 µmol), MC4 (0.190 µmol)) and aldehyde precursor (NSA2 522 

(0.318 µmol), NSA3 (0.241 µmol), NSA4 (0.190 µmol)).  523 

As can be seen in figure 6, the model compound was the most active reducing the 524 

HeLa cells viability around 90 %, compared to the aldehyde precursor which diminished it 525 

more than 80 %. The higher activity of the model compound was attributed to the imine units 526 

and to the presence of glucosamine residue, as it was demonstrated that chitooligosaccharides 527 

inhibit the growth of tumour cells through an increase of immune effect (Xia, Liu, Zhang, & 528 

Chen, 2011). The hydrogels suppressed the HeLa cell viability around 60 %, after 48 hours. 529 

Their lower activity compared to the model compound and the precursor aldehyde can be 530 

assigned to the low mobility of the imine units linked on the chitosan chains which assure a 531 

prolonged killing effect. This hypothesis was confirmed by the bright-field microscopy 532 

images acquired after 24 and 48 hours, which clearly revealed a decrease of the living cell 533 

percentage in time (Figure 6f, g). A dose-dependent decrease pattern in HeLa cell viability 534 

was observed for the aldehyde and model compound, they being more effective at higher 535 

concentrations, when compared to corresponding negative control cells. More bright-field 536 

microscopy images were given in Supporting Information, Figure S6. 537 
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a) 

   

b) NSA2, 48h c) NSA3, 48h d) MC2, 48h 

   

e) Negative control f) A2, 24 h g) A2, 48h 

Figure 6. a) Cytotoxicity by MTS assays after 48 hours incubation of HeLa cells, at 37 oC, 538 

with hydrogels of different molar content of imines (A2 (0.318 µmol), A3 (0.241 µmol), A4 539 

(0.190 µmol)) and with equivalent molar amounts of model compound (MC2 (0.318 µmol), 540 

MC3 (0.241 µmol), MC4 (0.190 µmol)) and aldehyde precursor (NSA2 (0.318 µmol), NSA3 541 

(0.241 µmol), NSA4 (0.190 µmol)); Bright-field microscopy images of HeLa cells b)-d), f)-542 

g) incubated with the studied samples for 24 or 48 hours and e) untreated HeLa cells 543 

 544 

3.7. In vivo biocompatibility 545 

 In view of applying the studied hydrogels for local treatments, their biocompatibility 546 

has been investigated by measuring blood, biochemical and immune system parameters after 547 
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their subcutaneous administration in rats. As positive control reference, sterile cotton pellets 548 

saturated with saline solution were subcutaneous implanted in the control group (C-p), in 549 

order to create a standardized granuloma model, and a similar in vivo state for hydrogel-550 

conditioned substances subcutaneous absorption (Peacman, 2011). A control group without 551 

implanted pellets were used as negative control reference (C). 552 

 In control rats with granuloma induced by sterile cotton pellets (C-p), it was shown a 553 

statistically significant (*p<0,05) increase in the percentage of polymorphonuclear neutrophils 554 

(PMN) and a statistically significant (*p<0,05) decrease in the percentage of peripheral blood 555 

lymphocites (Ly), compared to the control group without pellets (C), because of the local 556 

inflammatory reaction at the implantation site (Figure 7a, Supporting Information, Table S2). 557 

It was also observed a slightly increase in the monocytes (M) percentage, but statistically 558 

insignificant comparing with the control group without pellets (Figure 7c, Table 3s). On the 559 

contrary, the subcutaneous application of A2, A3 and A4 hydrogels caused an irrelevant 560 

increase of the PMN percentage and no essential differences of the Ly compared to the C 561 

control group without granuloma (Figure 7a,b, Supporting Information, Table S2). Also, no 562 

statistically significant modifications of the percentage of basophils and eosinophils in the 563 

animals with A2, A3 and A4 hydrogel implants was observed comparing with the control 564 

groups with or without pellets (Supporting Information, Table S2). The absence of a notable 565 

variation of the differential white cell percentage in the A2, A3, A4 groups compared to the 566 

control (C) suggested that no infections, inflammations or autoimmune disease were induced 567 

by the subcutaneous implantation. An important role for this should be played by the ability 568 

of the chitosan to accelerate wound healing by enhancing the functions of inflammatory and 569 

repairing cells played (Sandri et al., 2017; Xia, Liu, Zhang, & Chen, 2011). 570 

To see if the subcutaneous implantation of the hydrogels affected the biochemical 571 

activity, the plasmatic values of the metabolic key liver enzymes: glutamic pyruvic 572 

transaminase (GPT), glutamic oxaloacetic transaminase (GOT) and lactic dehydrogenase 573 

(LDH) were laboratory investigated. As can be seen in figure 7d, e, f, no major modifications 574 

of their activity in serum was observed, indicating no changes of the metabolic functions or 575 

structural damages of the tissue level of the A2, A3 and A4 groups compared to both control 576 

groups (C, C-p). The normal liver function was not affected by the hydrogel implantation, 577 

which had no noticeable toxicity effects.  578 
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a) b) c) 

   

d) e) f) 

  

g) h) 

Figure 7. Variation of the a, b, c) differential white cell percentage (PMN, Ly, M), d, e, f) 579 

liver enzymes (GPT, GOT and LDH) activity and g, h) immune parameters NBT, 580 

Complement (UCH50), after subcutaneous implantation of the A2, A3 and A4 hydrogels in 581 

rats compared to the positive and negative control groups. Values were expressed as mean +/- 582 

standard deviation (SD) for 6 animals in a group (■: 24 hours; ■: 8 days) 583 

 584 

Further, to investigate the immune system activity after implantation of the hydrogels, 585 

phagocytic capacity of peripheral blood (NBT) and serum complement activity (Complement 586 

(UCH50)) were determined. The results were given in Figure 7g, h. In the animals with 587 

experimental granuloma induced by cotton pellet implantation (C-p), it was observed a 588 

statistically significant (*p<0,05) increase of phagocytic capacity of peripheral blood (NBT), 589 

compared to the control group without granuloma (C) due to the local inflammatory reaction 590 

(Supporting Information, Table S4). On the contrary, in the A2, A3 and A4 groups only a 591 

minor increase of the NBT was observed, statistically non-significant compared to the control 592 
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group without granuloma (C). Minor influences were also registered for the serum 593 

complement activity (Complement UCH50), too. The induction of the experimental 594 

granuloma with sterile cotton pellets was associated with a statistically significant decrease 595 

(*p<0,05) of serum complement activity compared to the control group without pellets, while 596 

the implantation of A2, A3 and A4 hydrogels resulted only in a slight diminishing, 597 

statistically non-significant compared to the control group without pellets (Supporting 598 

Information, Table S4). The negligible changes of these parameters indicate that the immune 599 

system activity was not affected by implantation of the studied hydrogels, which were not 600 

perceived as dangerous. This can be attributed to the influence of the chitosan, demonstrated 601 

to be having an immune stimulating activity (Liu, & Li, 2013). 602 

The investigation of the effects on the blood, the serum biochemical and immune 603 

parameters revealed that the studied hydrogels presented good in vivo biocompatibility by 604 

administration as subcutaneous implants in rats, after 24 hours and 8 days, encouraging their 605 

use for local therapy. 606 

 607 

CONCLUSIONS 608 

A series of hydrogels based on chitosan and nitrosalicyladehyde have been prepared 609 

and their hydrogelation ability, rheological properties, in vitro cytotoxicity and in vivo 610 

biocompatibility were investigated. The hydrogelation occurred for a large range of the 611 

amine/aldehyde ratio, from 1/1 to 7.7/1, at different gelling times, allowing a large modulation 612 

of their properties. The hydrogelation was accelerated under physiological conditions (PBS, 613 

37 oC), and the hydrogels presented self-healing in citrate buffer. They have superporous 614 

morphology and high mass equilibrium swelling in water and acidic buffer and a low MES 615 

with a good dimensional preservation in basic buffer at tissue pH. Rheological investigations 616 

revealed elastic hydrogels with good resistance to permanent deformations and good recovery 617 

of their mechanical properties. Incubation of HeLa cells with the studied hydrogels indicated 618 

in vivo cytotoxicity of 60 %, while the in vivo biocompatibility tested by subcutaneous 619 

administration in rats demonstrated insignificant changes of the blood, biochemical and 620 

immune system parameters. Entirely, all these measurements show that the novel synthesised 621 

hydrogels are promising biomaterials for implementation in local antitumor therapy, as drugs 622 

and matrixes for drug release. 623 
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