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ABSTRACT

Hydrogels based on chitosan and salicyladehyde were obtained by dynamic covalent chemistry.
The unusual chitosan gelling in the presence of the monoaldehyde has been deciphered
following and correlating data of NMR, FTIR, single crystal and wide angle XRD, POM and
optical measurements. Of significant importance in understanding the crosslinking features was
the synthesis of a model compound and the successfully growth as single crystal allowing the
study of its supramolecular peculiarities. The hydrogels exhibited in SEM a porous or fibrous
morphology, in good correlation with the crosslinking degree. They swelled very fast, similar
to the superporous hydrogels of third generation and exhibited self-healing properties.
Rheological investigation demonstrated good mechanical properties, thermosensitivity and
thixotropy. The paper revealed a hydrogel with suitable properties for use in bio-medical
applications, and moreover, revealed a new concept of obtaining chitosan hydrogels using
monoaldehydes — which are widespread in nature, cheap and beneficial to the human body.
Keywords: chitosan; dynamic covalent chemistry; superporous; luminescence; thixotropy;

self-healing

INTRODUCTION



1. Hydrogels are a class of materials applied in many fields of human life, especi-
ally in those bio-related: substrates for biomedical engineering and pharmacology, environment
protection, agriculture, food industry, hygiene and so on [Ahmed, 2015; Cald, & Khutory-
anskiy. 2015; Shen, Shamshina, Berton, Gurau & Rogers, 2016]. Advances in hydrogel domain
intersected the modern domain of supramolecular chemistry, moving from static to dynamic
complexity in hydrogel design. Dynamic (hydro)gels were prepared based on reversible reacti-
ons, of physical or chemical nature: acylhydrazone bonds [Deng, Tang, Li., Jiang & Chen,
2010], Schiff bases [Zhang, Tao, Li & Wei, 2011], reversible ring-opening of 1,2 dithiolanes
[Barcan, Zhang & Waymouth, 2015], boronic ester transesterification [Brooks & Sumerlin,
2016], thiol—disulphide interconversion [Casuso et al., 2015], metalophilic attractions [Casuso
et al., 2014], metal-ligand exchange [Sreenivasachary, & Lehn, 2005] or telechelic dendritic
macromolecules with multiple adhesive termini [Wang et al., 2010]. The use of reversible con-
nections for crosslinking led to a new generation of smart materials/hydrogels able to respond
to environmental stimuli or artificial triggers. They usually exhibit self-healing behaviour and

have the capability to recover quickly their mechanical properties after removing the stress.



2. Among various reversible covalent connections used for obtaining dynamic ma-
terials, the condensation of amino groups with carbonyl functionalities to yield imines also
known as Schiff bases or azomethines is considered the most powerful strategy used in dynamic
covalent chemistry to generate structures of high complexity, dynamic nanoarchitectures and
materials with modulable properties [Liu & Lim, 2013; Roy, Bruchmannb & Lehn, 2015] or in
dynamic combinatorial chemistry to trigger the easy selection of components as response to
external physical stimuli or chemical effectors [Sreenivasachary & Lehn, 2005; Zhang & Bar-
boiu, 2016; Clima, Peptanariu, Pinteala, Salic & Barboiu, 2015; Turin-Moleavin, 2015]. The
advantages of reversible imine linkage consist mainly in its fast exchange tuned by the reagent
reactivity, the presence of water, the pH or the temperature. Moreover, the equilibrium of the
imine exchange is an active intermediate/target in many biological processes and pharmaceuti-
cal chemistry as enzyme catalysis [Fisher & Viswanathan, 1984], signaling through G-protein-
coupled receptors [Perez & Karnik, 2005], transamination, obtaining of biomarkers or reaction
of sugars with biological relevant amines [Qin, Long, Panunzio & Biondi, 2013]. From these
reasons, the reversible imine connection is of great interest in chemistry, biology and materials
science and was implemented for the search of biologically active substances [Roy,
Bruchmannb & Lehn, 2015; Zhang & Barboiu, 2016; Clima, Peptanariu, Pinteala, Salic & Bar-
boiu, 2015; Turin-Moleavin, 2015; Ramstrom, Lohmann, Bunyapaiboonsri & Lehn, 2004; Ma-

rin et al., 2016; Nasr et al., 2009].



3. In this context, preparation of dynamic chitosan hydrogels based on reversible
imine connections appears as a promising and challenging design. Chitosan is a naturally deri-
ved, biocompatible polymer which already proved high applicability in biochemistry and bio-
engineering [Bhattarai, Gunn & Zhang, 2010; Delmar, & Bianco-Peled, 2016; Nawrotek,
Tylman, Rudnicka, Balcerzak & Kaminski, 2016; Giri et al., 2012]. Some previous preliminary
studies of our group noticed the possibility of chitosan gelling with some monoaldehydes [Ma-
rin, Simionescu & Barboiu 2012; Marin et al., 2015], by a dynamic process of physico-chemical
crosslinking [Ailincai et al., 2016; Marin et al., 2014]. The topic is of high interest taking into
consideration that monoaldehydes exist in a large variety, many of them being natural products
with therapeutic properties, compared to the dialdehydes which are generally used for chitosan
crosslinking which were proved to have a toxicity degree [Beauchamp et al., 1992; Berger et
al., 2004; Mikhailov et al., 2016]. Thus, hydrogels obtained from natural products as chitosan
and natural aldehydes should have better premises for safer bio-related applications. Herein, we
explored the obtaining of hydrogels based on the natural products, chitosan and salicylaldehyde,
in order to provide a hydrogel appropriate for bio-applications, and to pave a way of chitosan
crosslinking by a new friendly method. Salicylaldehyde has been chosen as possible chitosan
crosslinker due to its intrinsic properties. Natural occurring in buckwheat seeds, exudate from
castor sacs or larval defence secretions of several beetle species, salicylaldehyde was approved
by the U.S. Food and Drug Administration (FDA) and Flavour and Extract Manufacturers As-
sociation (FEMA) [Adams, et al., 2005; Salicylaldehyde, 1979] for food use. It was demonstra-
ted that it has antifungal, anti-mycotoxigenic and chemosensitizing properties and is evaluated
in the chemotherapy of invasive fungal diseases and in agriculture as inhibitor of fungal growth
and mycotoxin production [Kim, Campbell, Mahoney, Chan, & Molyneux, 2011]. Moreover,

studies on its imine derivatives proved antimicrobial and antifungal properties [da Silva et al.,



2011; Zaltariov et al. 2015; de Araujo, Barbosa, Dockal, & Cavalheiro, 2017] and even anti-
cancer features [Garrick et al., 1991].

4. Two aspects must be highlighted here: (i) chitosan gelling with monoaldehydes
Is a new topic in the chitosan chemistry which development was started by us; (ii) even if a few
papers reported the obtaining and the properties of imine derivatives based on chitosan and
salicylaldehyde [e.g. de Araljo, Barbosa, Dockal, & Cavalheiro, 2017; Menaka, & Subhashini,
2016; Deng, Fei, & Feng, Y. 2011; dos Santosa, Dockala & Cavalheiro, 2005], there are no
studies in literature dedicated to the salicyl-imine-chitosan hydrogels, neither on their formation
or their properties. The study reported here reveals in fact a novel hydrogel with good mechani-
cal properties, thermosensitivity, thixotropy, self-healing, fast swelling, and luminescence kee-
ping the promise for bio-applications.

S.
EXPERIMENTAL SECTION
Materials

Low molecular weight chitosan (263 kDa) with a degree of deacetylation (DA) of 83 %,
salicylaldehyde 98 %, D-glucosamine hydrochloride 99 %, ethanol, glacial acetic acid and
phosphate buffer solution of pH 7.4 were purchased from Sigma—Aldrich Co. (USA) and were
used as received. The number of the free amino groups of chitosan was calculated on the basis
of DA. Acetate buffer solution of pH 4.2 was prepared as described by Lambert and Muir
[Lambert & Muir, 1973]. Bidistilled water was obtained in the laboratory.
Synthesis of the model compound: 2((o-hydroxybenzylidene)amino)-5-(hydroxymethyl)
tetrahydro-1H-pyran-1,3,4-triol (MC)

D-glucosamine hydrochloride, (0.3 g, 1.39 mmol) was suspended in methanol (4.41 ml)
with 1 equiv. of finely grinded solid NaOH (0.058 g, 1.39 mmol). After 5 minute, the resulted

NaCl was filtered off. Salicylaldehyde (0.043 ml, 1.39 mmol) was slowly added to the filtrate,



and the reaction mixture was kept at ~35°C, up to a yellow solid precipitated, after 5 minutes.
The mixture was cooled in an ice bath; the solid was filtered off, washed with ice-cold methanol
and dried under vacuum for 2 days [Nguyen, Nguyen, Ho, & Ngo, 2011; Costa Pessoa, Tomaz
& Henriques, 2003]. The yellow powder was recrystallized from ethanol to give yellow needles
single crystals with a yield of ~10%.

Single crystal of MC was mounted in inert oil and transferred to the cold gas stream of the
diffractometer. Structure determination of crystal data: C13H17NOs: M= 267 g mol; space
group 12; cell lengths: a=13.1519(8) A b=6.0602(2) A, c=17.1108(11) A; cell angles: a=90 °,
B=105.219(6) °, y=90 °; cell volume V=1315.96 A3. The right structure has been confirmed by
FTIR, *H-NMR and 3C-NMR spectra, too (Figure 1s, 2s).

Preparation of the hydrogels and xerogels

The synthesis of the hydrogels was carried out by acid condensation reaction of the chitosan
with salicylaldeyde. Briefly, a 1% solution (g mL™?) of salicylaldehyde in ethanol (Table 1) was
added drop wise to a 2 % solution (g mL™) of chitosan (0.3 g, 1.473 mmol glucosamine
repeating units) in acidic water (0.7 % acetic acid solution: 105 pL of acetic acid in 15 mL of
water), under vigorous magnetic stirring (750 rpm), at 50 °C. The molar ratio between the NH>
and CHO functional groups has been varied, keeping constant the amount of chitosan and
changing the amount of aldehyde to achieve hydrogels with different crosslinking densities
(Table 1). The hydrogels appeared as transparent yellowish semisolid materials with smooth
texture, without air bubbles or other macroscopic particles, as also Cavalheiro noticed [de
Araujo, Barbosa, Dockal, & Cavalheiro, 2017]. The visual formation of hydrogels was observed
after 8 minutes in the case of 1/1 molar ratio of the NH2/CHO functional groups (S1), after 3
hours in the case of 1.5/1 (S1.5) and of 2/1 (S2) respectively, and after 1 week in the case of
2.5/1 (S2.5). For a lower amount of aldehyde (NH2/CHO=3/1 (S3); 3.5/1(S3.5)) the reaction

medium transformed into a viscous liquid which still flew even after 2 weeks. All hydrogels



were kept uncovered for two days up to the initial volume of chitosan solution was reached.
According to the NMR analysis which indicated the increase of the conversion of the amine
groups into imine linkages during 16 days, the hydrogels were further kept covered another two
weeks for gelling maturation. The corresponding xerogels of the obtained hydrogels were
prepared by lyophilization. A 2 % chitosan solution in 0.7 % acetic acid has been also
lyophilized, to be used as reference (S0O). The xerogels weight was similar with that of the initial

reagents, indicating no mass loss during lyophilization.

Table 1. The reaction parameters and codes of the studied hydrogels
Code So S1 S1.5 S2 | S25 | S3 S3.5 S4
NH2/CHO ratio 1:0 1:1 1.5:1 221 | 251 31 3.5:1 4:1
Chitosan (g mol) | 0.3/ | 0.3/ 0.3/ 0.3/ | 03/ | 0.3/ 0.3/ 0.3/
1.473 | 1.473 | 1.473 | 1.473 | 1.473 | 1.473 | 1.473 | 1.473

SA (g mol?) - | 0.180/ | 0.120/ | 0.090/ | 0.07/ | 0.06/ | 0.0514/ | 0.0450/
1.473 | 0.982 | 0.736 | 0.589 | 0.491 | 0.421 | 0.368
Ethanol (mL) - 18 12 9 7 6 5.14 4.5
Xerogel (g) 03 | 048 | 042 | 039 | 037 | 0.36 | 0.35 0.34

SA: salycilaldehyde
Methods

In order to analyse the structure and morphology of the hydrogels, the corresponding
xerogels were obtained by freezing in liquid nitrogen and further submitted to lyophilization
using a LABCONCO FreeZone Freeze Dry System equipment, for 24 hours, at -54 °C and
1.510 mbar.

FTIR spectra of the xerogels were registered using a FT-IR Bruker Vertex 70
Spectrofotometer, by ATR technique and processed using Origin8 software.

The NMR spectra were obtained on a Bruker Avance DRX 400 MHz Spectrometer
equipped with a 5 mm QNP direct detection probe and z-gradients. In the case of hydrogels,

the chemical shifts were reported as & values (ppm) relative to the residual peak of the



deuterated water used as solvent. In the case of the model compound, the chemical shifts were
reported as & values (ppm) relative to the residual peak of the DMSO-ds used as solvent.

Crystallographic measurements of the model compound (MC) were performed with an
Oxford-Diffraction XCALIBUR E CCD diffractometer equipped with graphite-
monochromated Mo Ka radiation. The single crystal was positioned at 40 mm from the detector
and 460 frames were measured each for 30 s over 1° scan width. The unit cell determination
and data integration were carried out using the CrysAlis package of Oxford Diffraction
[CrysAlis RED, 2003]. The structure was solved by direct methods using Olex2 software
[Dolomanov, Bourhis, Gildea, Howard & Puschmann, 2009] with the SHELXS structure
solution program and refined by full-matrix least-squares on F2 with SHELXL-97 [Sheldrick,
2008]. Atomic displacements for non-hydrogen atoms were refined using an anisotropic model.
Hydrogen atoms have been placed in fixed, idealized positions accounting for the hybridization
of the supporting atoms and the possible presence of hydrogen bonds in the case of donor atoms.
The molecular plots were obtained using the Olex2 program.

Wide angle X-ray diffraction (WXRD) of the xerogel pellets was performed on a Bruker
D8 Avance diffractometer with the Ni-filtered Cu-Ka radiation (I = 0.1541 nm), in the range of
2-40° (2 theta). The working conditions were 36 kV and 30 mA and data were handled by the
FullProf 2000 program. The xerogel pellets were obtained in a manual Hydraulic Press, by
applying a pressure of 10 N m™. The d-spacing corresponding to each reflection band was
calculated applying the Bragg low 2dsin® = n\, where A is the wavelength of the X-ray emitted
by the copper source (0.1541 nm) and n=1. It was considered that the planes giving rise to the
smallest Bragg angle have the largest d-spacing attributed to the interlayer distance according

to the single crystal X-ray diffraction of the model compound.



Polarized light microscopy observations were performed by using an Olympus BH-2
polarized light microscope. The optical observations were performed on thin slices of hydrogel
placed between two clean untreated glass slides.

The xerogel morphology was studied with a field emission Scanning Electron
Microscope SEM EDAX — Quanta 200 at accelerated electron energy of 15 or 20 KeV.

The rheological investigations were carried out by using a MCR 302 Anton-Paar rhe-
ometer equipped with a Peltier device. A plane-plane geometry (diameter of 50 mm) and an
anti-evaporation device which limits the water evaporation were used. The first rheological test
performed on each investigated sample consisted in stress amplitude sweep in order to establish
their linear viscoelastic regime. The oscillatory and continuous shear measurements were per-
formed at 37 °C in the frequencies () range of 0.1 — 100 rad s** and in the range of shear rate
(7) from 102 s to 10? s. The loss modulus (G ), the storage modulus (G”), and the complex
viscosity (#*) were determined by the oscillatory deformation tests. In addition, the zero shear
viscosity (7o) and the critical yield stress (z) were established by the continuous shear tests.
The thixotropic recovery of the samples was investigated by following the apparent viscosity
as a function of time when a stepwise sequence of 0.2 s — 10 s — 0.2 s was applied. The first
and second steps were set at 100 s and the third step was about 150 s when the equilibrium was
reached. The oscillatory measurements were also carried out at different temperatures from the
range 20 °C - 40 °C in order to establish the effect of temperature on the viscoelastic properties
of the investigated hydrogels.

For swelling measurements, the xerogels were cut in square-shape and dried under vac-
uum overnight. Three samples of each xerogel were weighed and then introduced into sealed
vials containing 15 mL of distilled water or buffer solution. Then, the xerogel samples were
weighted at different time intervals, following their taking off from solution and their surface

blotting on a filter paper up to constant weight. The mass equilibrium swelling (MES) was



calculated according to the equation MES = (Ms-Mg)/Mq, where Ms is the weight of the swollen
hydrogel and Mg the weight of the hydrogel in the dried state. Data presented in this experiment

were the mean values of triplicate measurements.

RESULTS AND DISCUSSION

Supramolecular hydrogels with superporous morphology were obtained by reacting
chitosan with salicylaldehyde in specific conditions (Scheme 1). As the crosslinking of chitosan
with a monoaldehyde is an unusual pathway of hydrogel obtaining, in order to explore the
driving forces that governed their forming, FTIR, *H-NMR and X-ray diffraction measurements
were investigated in detail. To confirm the chemical pathway and supramolecular peculiarities
employed in their forming, a model compound (MC) was synthesized from glucosamine

(chitosamine) and salicylaldehyde (Scheme 1s) and successfully grown as single crystals.
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Scheme 1. Synthesis of the salicyl-imine-chitosan hydrogels

NMR spectroscopy



The structural characterization by NMR spectroscopy of the model compound
evidenced the forming of the covalent imine linkage by the presence of the chemical shift of its
proton as two bands at 8.49 and 8.42 ppm due to the a and B conformers formed in solution
(Figure 1s) [Costa Pessoa, Tomaz & Henriques, 2003; Destri, Khotina & Porzio, 1991].
Compared to the model compound, the hydrogels showed the chemical shift of the imine proton
as a single band, consistent with the stabilization of the imine linkage via an “imine clip” effect
by the formation of an intramolecular H-bond between the imine nitrogen and the neighboring
OH group [Kovaricek, & Lehn, 2012], characteristic to the solid state (Figure 1a) [Filarowski,
2005; Marin, van der Lee, Shova, Arvinte, & Barboiu, 2015]. Another feature of the hydrogel
NMR spectra is the presence of the chemical shift of the aldehyde proton, indicating the
incomplete conversion of the aldehyde groups into imine units, due to the reversibility of the
imine forming in water [Kovaricek, & Lehn, 2012; Sagiomo, & Luning, 2009]. The monitoring
of the aldehyde conversion into imine units by measuring the CH=N/CHO integral ratio
exhibited that the reaction equilibrium was continuously shifted to the products during 16 days,
when became constant (Figure 1b). This evolution of the integral ratio together with the
stabilization of the imine units by intramolecular H-bonding characteristic to the solid state,
indicated the forming of “out-0f-solution” imine units [Marin et al., 2014], possible by the
formation of hydrophobic clusters by the self-organization of the newly formed imine rigid

units (Scheme 1).
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Figure 1. (a) NMR spectra of the model compound and representative hydrogels; (b) graphic

representation of the evolution of the CH=N/CHO integral ratio over time

FTIR spectroscopy

The FTIR spectrum of the MC shows an intense sharp band at 1631 cm ! corresponding
to the group stretching vibration of the imine linkage [Marin, van der Lee, Shova, Arvinte &
Barboiu, 2015] and an intense broad band centred at 3393 cm “* attributed to the preponderant
intermolecular H-bonds rising between O-H...O pyranosic rings (see Supramolecular
arrangement section) [Kumirska et al., 2010]. The FTIR spectra of the xerogels presented
significant changes compared to that of the chitosan parent but were quite similar to the MC
one, indicating similar chemical transformations and packaging peculiarities (Figure 2). Thus,
in the xerogel FTIR spectra, the characteristic imine band appeared as a sharp peak at 1632 cm-
! confirming the covalent bonding of the salicylaldehyde to the chitosan chain via imine linkage
[dos Santosa, Dockala & Cavalheiro, 2005]. Oppositely to the NMR investigation, no evidence
of some unreacted aldehyde could be seen in the FTIR spectra, the characteristic vibration band
of the aldehyde group at 1670 cm™ was absent. As no aldehyde was lost during the

lyophilization process, the absence of the aldehyde in the FTIR spectra of the xerogels was



attributed to the complete shifting of the reaction equilibrium to the products during the water
removing [Sagiomo & Luning, 2009]. The imine band was more intense as the content of
salicylaldehyde was higher and significant more intense compared to the band of the amide
group of chitosan at 1645 cm™ which appeared only as a weak shoulder, highlighting the higher
density of the imine units on the chitosan chain compared to the amide ones. The increasing of
the intensity of the imine band was accompanied by the diminishing of the amine band
(vibration of the N-H linkage at 1550 cm 1), once again confirming the conversion of the amine
functional groups into imine linkages during the condensation reaction. Comparing NMR and
FTIR data it could be estimated that during the hydrogel freezing, the free water formed
crystals, while the chitosan, water H-bonded, non-reacted aldehyde and ethanol and acetic acid
traces were concentrated in a non-frozen liquid where the condensation reaction continued,
process well documented in the case of the cryogel preparation [Dinu, Ozmen, Dragan & Okay,

2007].
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Figure 2. FTIR spectra of the chitosan, model compound and representative xerogels

Important changes in the FTIR spectra could be seen in the 3500-2800 cm™ region
related to the OH stretching vibration, intra- or intermolecular H-bonded. In this FTIR domain,
chitosan presents mainly two superposed bands attributed to the —OH stretching vibration of
the secondary OH at the C3 position intramolecular H-bonded to the O5 of an adjacent ring
(3359 cm™) and to the primary OH in the C6 position involved in an inter-molecular H-bond
with O3 atom of the neighbouring chain (3285 cm™). For the model compound, the superposed
bands appeared shifted to higher wavenumbers (3393 and 3306 cm™, respectively) attributed to
the tighter packing due to the presence of hydrophobic imine units which facilitated
hydrophobic/hydrophilic segregation, and thus a redistribution of the H-bonds. Comparing the
xerogel spectra with that of the chitosan parent and the model compound, it could be observed

the change of this spectral domain depending by the aldehyde content. The gradually increasing



of the aldehyde content (S3; S2.5; S2) produced a gradually shifting of the superposed bands
to the higher wavenumber (3374, 3285; 3385, 3292; and 3384, 3285 cm™), attributed by
similarity with the model compound to the influence of the formation of the imine units
inducing a tighter packing. Moreover, once the content of the aldehyde increased, a new peak
at higher wavenumbers (3448 cm™) became more evident, especially in the case of S1 (Figure
3s), suggesting the formation of new intermolecular H-bonds [Sun et al., 2008], in agreement
with the WXRD measurements. This hypothesis is supported by the intensity modification of
the stretching vibration bands of the C-H bonds in CH, group (2923 and 2851 cm,
respectively) indicating a rearrangement of H-bonding environment by grafting imine units on

chitosan chains.

Supramolecular arrangement

The determination of the X-ray structure of the MC confirmed its expected molecular
structure and gave valuable information related to the driving forces which guide the
supramolecular interactions and crystal-packing in the solid state of such a system. As can be
seen in Figure 3, the supramolecular arrangement of the model compound (MC) was dominated
by the H-bonds generated by the presence of the hydroxyl groups.

Firstly, the imine linkage is stabilized through formation of an intramolecular hydrogen
bond between the phenolic hydrogen and imine nitrogen (1.85 A) giving an intramolecular 6-
membered cycle which forced the imine to adopt a coplanar position with the aromatic ring
(Figure 3a). The glucosamine ring exists in the typical chair conformation positioned in a trans-
orientation to the aromatic ring, with respect to the C=N bond. The planes of the two rings
(aromatic and pyranose) are in almost perpendicular position one to each other, with a torsion

angle of 88.5 ° (Figure 3b).
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Figure 3. X-ray molecular structure of the MC in (a) 3D Print representation; (b) side view of

the molecule with H-bonds and (c) view of its 3D supramolecular architecture in the crystal
structure (for a better view of the hydrophobic/hydrophilic segregation, the pyranose ring has
been represented in blue colour and the H-bonds in cyan); and (d) WXRD of the model
compound and representative xerogels; (e) representation of the layering and d-spaces; (f)

representation of the hydrogel network

Secondly, each pyranose ring is cofacial linked with two others through intermolecular

O-H.....0 H-bonds (1.9 A) forming hydrophilic ribbons with opposite orientation (Figure 3c).



The neighbour ribbons are linked two by two via lateral intermolecular O-H.....O H-bonds
resulting in the formation of hydrophilic layers. The phenolic -OH participates in the
stabilization of the hydrophilic layers, through H-bonds and weak C-H...O type interactions
(2.6 A). On each hydrophilic layer, the hydrophobic aromatic imines lay sideway from, in
orthogonal positions. The hydrophobic imine units belonging to vicinal hydrophilic layers are
self-organized together forming hydrophobic layers. Thus, the MC has a hydrophilic-to-
hydrophobic layered morphology which develops to a larger scale (Figure 3d).

The wide angle X-ray diffraction (WXRD) of the MC exhibited three main sharp
reflection bands corresponding to the following d-spacing values, as calculated by Bragg law:
(i) a band at 9.8 ° corresponding to the inter-layer distance of 9 A in agreement with the partial
overlapping of the antiparallel alignment of the imine units within the hydrophobic layer
thickness (Figure 3e); (ii) a band at 13.9 ° corresponding to the intermolecular distance between
two aromatic imine units of 6.4 A in agreement with the intermolecular distance between
aromatic rings or cofacial pyranosic rings, and (iii) a reflection band at 21.4 ° corresponding to
the intermolecular distance between two adjacent pyranose ribbons of about 4.2 A. As can be
seen the d-spacing values agree well with those given by the X-ray single crystal measurements.

The WXRD diffractograms of the xerogels revealed different profiles, in direct
connection with the different density of the imine units. Thus, the xerogels with higher imine
content (S1, S1.5, S2) have somehow a similar pattern to the MC, consisting in the presence of
the three main reflections, corresponding to a three-dimensional ordering. However, their shape
is broader — signature of the polydispersity of the d-spacing values imposed by the polymeric
nature of the chitosan and the irregular grafting of the imine units. A distinctive feature of their
WXRD pattern is given by the shifting of the reflection band from 9.8 ° in the MC to a smaller
angle of 6.3 ° corresponding to a higher inter-layer distance of 14 A. This is in agreement with

the direct connection of the pyranosic rings of the chitosan chains with lower distance between



amine units, which hinders the overlapping of the imine units during the hydrophilic-
hydrophobic segregation. The inter-layer distance of 14 A agree well with the antiparallel
ordering forming bilayers [Baron, 2001] of the imine units belonging to adjacent hydrophilic
layers, as simulated by molecular mechanics MM+ method (Figure 3e).

The reflection bands corresponding to the intermolecular distance between the aromatic
units and inter-ribbons distance, respectively, occurred around the same values as for MC (14
°and 20.4 °) indicating a similar motif of the arrangement of these building blocks; the inter-
ribbons distance in MC corresponds to the inter-chain distance in xerogels. Compared to the
WXRD pattern of the chitosan, the bands are sharper, of higher intensity, signature of the imine
self-ordering in cybotactic groups [De Vries, 1970], forming hydrophobic clusters.

Oppositely, the xerogels with lower content of salicylaldehyde (S2.5, S3) exhibited a
WXRD pattern closer as shape to that of the chitosan: the reflection band at lower angle misses
and those at wider angle are of weak intensity — meaning that imine density was too low to
assure their self-organization in a significant amount to form a layered structure. The exact
position of the reflection bands, their intensity and the ratio of their intensities is given in the
Table 1s.

Analysing the data of the three structural measurements (NMR, FTIR and XRD) and
taking into consideration the under equimolar reaction conditions, the chitosan gelling in the
presence of salicylaldehyde could be estimated as taking place due to a process of self-ordering.
Mixing the chitosan and salicylaldehyde solutions, the self-assembling of salicylaldehyde and
chitosan took place via an acid condensation reaction yielding imine units. The newly formed
imine bonds were stabilized by intramolecular H-bonds forming rigid cores which tended to
self-organize together. Further, due to the antagonistic character of the hydrophilic chitosan and
hydrophobic imines, layered “out of water” hydrophilic-to-hydrophobic clusters were formed.

They acted as net nodes for the chitosan chains and thus the gelling occurred. As a consequence



of the formation of the “out of water” clusters, the imination equilibrium shifted to the forming
of new amounts of products (as NMR indicated), process which continued during the
lyophilization. In the case of the equimolar ratio of the functional groups (S1), a layered
morphology similar to a lamellar mesophase of lyotropic liquid crystals could be reached, while
in the case of the under equimolar ratio (S1.5-S3) only “out of water” clusters formed linking
the chitosan chains. The “out of water” clusters were of higher dimension with layered
morphology in the case of S1, S1.5, S2 hydrogels and of lower diameter for S2.5, S3 hydrogels
(see WXRD). Deeper studies on the reversible features of the salicyl-imine connection proved
its high rate of formation and high rate of exchange giving, in appropriate conditions,
intramolecular non-directional motional processes involving the transfer of the salicylaldehyde
between amino functionalities by an aminal intermediate [Kovaricek & Lehn, 2012]. By
similarity we estimated that the layered architecture of the “out of water” clusters was reached
by intramolecular motions involving continuous exchange of the salicylaldehyde group
between vicinal amine functionalities of chitosan. The “out of water” clusters created a
protective environment of the imine units against water, enabling them to play the role of
multibinder entities capable to crosslink the chitosan chains (Figure 3f). It is important to note
the role played by the intramolecular H-bonds in the hydrogel formation. Comparing the ability
of the chitosan gelling of salicylaldehyde containing the hydroxyl group in ortho position with
that of other mono-aldehydes containing the hydroxyl group in para position (vanillin, p-
hydroxy-benzaldehyde), it could be observed that the latest didn’t promoted the hydrogel
formation [Marin et al. 2015; Marin et al. 2013]. In these conditions, it is reasonable to affirm
that the formation of the intramolecular H-bond favoured the gelling process by the formation
of the rigid imine units which facilitated the self-organization in hydrophobic clusters.

The ordered nature of the hydrogels must be proved by a birefringent texture under

polarized light microscopy. As can be seen in Figure 4a, the hydrogels showed a birefringent



streaky texture characteristic to the lyotropic liquid crystals. Moreover, a similar texture was
observed for the MC model compound (Figure 4b) — demonstrated by single crystal X-ray
diffraction to have a lamellar architecture. This similarity confirmed once again the

supramolecular order of the hydrogels.

(@) (©)

Figure 4. POM microphotographs of the (a) S1 hydrogel and (b) MC model compound; and

(c) hydrogel S1 and MC solution under illumination with an UV lamp

On the other hand, the forming of the planar salycilimine units should result in
chromophoric units which must emit light. As can be seen in Figure 4c, by illumination under
an UV lamp, both the solution of the model compound and the hydrogels emitted light,
confirming the extended conjugation of the rigid imine unit. However, while the MC solution
(10° mol L'1) emitted slight bluish light, the hydrogels emitted intense green light — signature
of the layered periodic order into hydrogels giving structural colours [Zhang & Chen, 2015].
This is a challenging finding taking into consideration that fluorescent hydrogels are desirable
soft materials for many bio-applications but their obtaining is complicated [Ma & Wang 2015].
Hydrogel morphology

SEM imaging of the xerogels has been used to qualitatively asses the microstructure of
the hydrogels. As can be seen in Figure 5, the morphology of the hydrogels was dependent by

the amount of salicylaldehyde used as crosslinker. For the highest amount — the morphology



consisted in interconnected pores with diameter around 100 um (S1), while for the smallest
amount — a fibrous network (S3) could be seen. The morphology of the other hydrogels with
intermediate amount of aldehyde is heterogeneous consisting in a combination of pores and
fibres connected together (S1.5, S2, S2.5). The rational explanation of this change of the
morphology was given by the decreasing of the crosslinking density correlated with longer
segments of “free” chitosan chains between the multibinder sites, capable of entrapping larger

amounts of water.

de |mode, WD HV det 100 ym ——
uum | SE | 7.9 mm [20.00 kV|LFD ICMPP

e |mode| WD HV det 100 pm
um| SE |6.0 mm |15.00 kV|LFD ICMPP

S2.5 S3

Figure 5. SEM microphotographs of the xerogels



Rheological properties

Hydrogels are soft materials with elastic properties, whose rheological features strongly
influence their ability to be used in different bio-applications as drug delivery, wound dressing,
artificial cartilage, or medical devices. Generally, the rheological properties of the hydrogels
based on chitosan strongly depend on the preparation method [Morariu, Bercea & Brunchi,
2015; Bercea, Bibire, Morariu, Teodorescu & Carja, 2015].

To establish the physical state of the S1-S3.5 samples and the minimum amount of
salicylaldehyde necessary for sol-gel transition, the elastic and storage moduli were determined.
The gel-like behaviour associated with an elastic modulus higher than viscous one (G* > G”)
occurred for the S1.5-S3 samples (Figure 6a, Table 2s). The elastic modulus at 1 rad-s™
increased by increasing the aldehyde content from 0.543 Pa for S3 to 265 Pa for S1.5,
corresponding to an increasing of the stiffness of the crosslinked network.

Applying the Chambon and Winter method which considers that tan ¢ is independent
of the frequency at the gel point [Chambon & Winter, 1987], the NH2/CHO ratio corresponding
to the sol-gel transition has been found at 3.3 (Figure 6b).

The apparent viscosity (7) of the investigated samples, measured in continuous shear
rate, revealed high values at low shear rate for the hydrogels obtained in the presence of a higher
salicylaldehyde amount, related to the higher density of the multibinder sites. The value of the
apparent viscosity decreased step wise with about an order of magnitude for each hydrogel,
according to the easier destruction of the multibinder entities with lower ordering degree.

All the understudy hydrogels showed a pseudoplastic (shear-thinning) behaviour

characterized by the decrease of 7 with increasing the shear rate (7) (Figure 6c¢). It could be

appreciated that chain closeness facilitated new inter- and intra-chain H-bonding in the gel

structure, but at higher share rates, the repulsions between similarly charged sites became



predominant and disrupted the networking architecture. Under shear stress, 7 kept a constant
value (70) up to a critical yield stress (z), when abruptly decreased in the case of gel-like
samples, corresponding to the starting point of the hydrogel flow (Figure 6d). As can be seen
in the inset of Figure 6d, the start of the hydrogel flowing depended on the amount of
salicylaldehyde. The threshold values of the 7, of the hydrogels gradually increased as the
salicyladehyde content increased, in agreement with their stiffer and stronger structure due to
the higher density of the multibinder sites and their larger size. The 7, and 7 values of the

studied samples are given in Table 2s.
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Figure 6. Rheological investigations: (a) Dependence of G’and G~ on the oscillatory frequency
(w); (b) loss tangent (tan 6 =G ”/G’) at various frequencies on the NH/CHO ratio, at 37 °C;
Apparent viscosity versus (c) shear rate and (d) shear stress, at 37 °C (Inset figure represents
the variation of yield stress as a function of NH2/CHO ratio); (e) Effect of the temperature on
elastic modulus at 0.3 rad-s™ and (f) apparent viscosity as a function of time obtained using a

shear rate stepwise procedure (0.2s1—-10s1-0.2s?)

The temperature sweep tests revealed that the viscoelastic moduli of the hydrogels (S2-
S3) were independent on the temperature up to 30 °C. The further heating determined the
increase of the viscoelastic moduli of the hydrogels with higher content of salicylaldehyde
proving thermosensitivity (Figure 6e). The thermosensitivity has been explained by the shifting
of the carbonyl/imine equilibrium to the products at higher temperature which favoured the
formation of the “out of water” clusters increasing by this the crosslinking density, expressed
by the rise of elastic modulus. The viscoelastic parameters of S2-S3.5 samples, determined at
different temperatures and 0.3 rad-s™*, are shown in Table 3s.

Variation of the apparent viscosity as a function of time when a stepwise sequence of
0.2s1-10s?1-0.2s?is applied can give clues about the thixotropy of the samples (Figure 6f).
In the first step, when a shear rate of 0.2 s™ was applied, all samples, excepting S2, exhibited a

constant apparent viscosity during 100 s. When the shear rate was increased at 10 s, the



apparent viscosity of all samples decreased indicating a shear-thinning behaviour. S2.5 and S3
showed a continuous decrease of their apparent viscosity during the time interval in which the
higher shear rate was applied. The other samples kept a constant viscosity during the stepwise
corresponding to 10 s*. The sudden decrease of the applied shear rate to 0.2 s caused the
structure regeneration of all samples leading to the increase of their apparent viscosity. The
regeneration manner of the structure and its recovery degree after the decrease of the shear rate,
depended on the amount of salicylaldehyde of the hydrogel samples. Generally, a material
which has a recovery degree in the third stepwise reported to the first ones higher than 70% is
considered to have a good thixotropic recovery [Patel, & Dewettinck, 2015]. Thereby, S1.5 and
S2 hydrogels which have recovered 82.2 % and 74.8 %, respectively from their initial viscosity
in about 20 minutes proved a good thixotropic behaviour. The samples obtained with a lower
amount of crosslinker (S2.5-S3.5) revealed an increase of the apparent viscosity over the
equilibrium value at the sudden change of the shear rate from 10 s to 0.2 s, After that, the

regenerated structures reached the equilibrium viscosity in around 1 hour.

Swelling behaviour

The swelling behaviour is an important characteristic of the hydrogels which
recommend them for applications as absorbents, drug delivery or filtration/separation systems,
soil conditioners, and so on [Porter, Stewart, Reed, & Morton, 2007]. As different biological
fluids have different pH, the swelling of the xerogel samples was monitored in three swelling
media: water at neutral pH; phosphate buffer solution (PBS) with a pH of 7.4, close to the one
of tissues and acetate buffer solution with a pH of 4.2, close to the one of vagina. In all these
media, the xerogels samples rehydrated forming the initial hydrogel. As can be seen in Figure
7, the swelling strongly depended on the pH of the media and the crosslinking density. All the

xerogel samples swelled very fast, in about 1 minute, reminiscent of superporous hydrogels of



third generation used as superabsorbents or in gastrointestinal devices as well as in
pharmaceutical and biomedical applications [Omidian, Rocca & Park, 2005; Ahmed,
Chatterjee, Chauhan, Jaimini & Varshney, 2014]. As the crosslinking density decreased the
swelling ratio increased, in a close correlation with the morphology change from interconnected
pores (S1) to a microfibrous network (S3) with an increased flexibility. The higher swelling
capacity of the sample S3 with lower crosslinking density was attributed to the higher flexibility
of the free chitosan chains, behaviour also observed for other chitosan based superporous
hydrogels [Gupta, & Shivakumar, 2010].

In the acidic media, the hydrogels were the least stable, the S3 and S2.5 hydrogels
completely dissolved in about 10 minutes; S2 and S1.5 in three days and S1 in five days. The
low swelling ratio measured in acidic media was the most probably the result of the competition
between the swelling and dissolving processes because the acidic media favoured the shifting

of the imination equilibrium to the reagents.
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Figure 7. Mass equilibrium swelling (MES) in different pH media of the (a) studied hydrogels;

(b) S1.5 measured at different times

The mass equilibrium swelling (MES) of the hydrogels increased progressively from 14
to 53 — in basic pH media, and from 34 to 240 — in water, respectively, as the crosslinking
degree diminished. Remarkable, the swollen hydrogels were stable even after 3 months. Their
analysis by FTIR spectroscopy, revealed similar spectra with those of the initial xerogels,
showing that imine linkage was not affected in water or basic media (Figure 4s). As the model
compound proved no stability in aqueous media (Figure 5s) the stability of the imine linkages
into hydrogels can be attributed to the forming of hydrophobic clusters which protect them

against water.

Macroscopic self-healing properties of the hydrogels

As the process of the hydrogel gelling was realized based on reversible covalent imine
linkages, it was expected to present self-healing properties. Indeed, cutting a hydrogel in two
pieces and connecting them back, they adhere one to each other at room temperature (25 °C)

into one integral piece in less than 1 hour (Figure 6s a,b). Moreover, crushing a hydrogel from



a vial in small pieces and heating the vial at the human body temperature (37 °C), the small

pieces adhere one to each other reshaping the hydrogel (Figure 6s c, d).

CONCLUSIONS

In summary, we synthesised hydrogels based on two naturally derived compounds
chitosan and salicylaldehyde by a novel, simple and green method based on dynamic covalent
chemistry. The unusual crosslinking of chitosan with the monoaldehyde has been reached due
to the supramolecular assistance of the molecular synthesis at three dynamic levels consisting
in (i) self-assembly, (ii) self-organization, and (iii) segregation processes. Thus, the self-
assembling of chitosan with salicylaldehyde took place via reversible imine bond further
stabilized by an “imine clip” effect. The newly formed rigid imine units self-organized together
in hydrophobic associations favoured by the motional processes of the salicylaldehyde between
amino groups by reversible covalent imine formation. The forming of the hydrophobic
associations facilitated a hydrophilic/hydrophobic segregation to give ordered clusters which
acted as net nodes linking the chitosan chains. Rheological measurements were established that
the minimum ratio of the amine to aldehyde functional groups necessary for chitosan
crosslinking is 3.2. The supramolecular arrangement of the salicyl-imine-chitosan hydrogels
strongly influenced their properties. The hydrogels were elastic, exhibited thixotropic
behaviour and were thermosensitive — important features for bio-related applications. They
completely rehydrated in water, PBS and acetate buffer and swelled very fast reaching MES
values of 240. In acetate buffer, the dissolution time of the hydrogels depended by the
crosslinking degree, varying between 10 minutes and 5 days while in water and PBS buffer, the
hydrogels kept their integrity even after few months. The hydrogels exhibited luminescence

and self-healing ability at room temperature and body temperature as well.



The paper reports a new chitosan based hydrogel with attractive properties for bio-
related applications, but more important it brings into attention a new concept of chitosan
crosslinking with monoaldehydes (which are abundant in nature and have own valuable
therapeutic properties) which open large perspectives for the developing of the hydrogels

domain.
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