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Abstract
In this study, chitin was nanofibrillated, cationized, and then used as a reinforcing agent for xanthan gum hydrogels. Amidi-
nated chitin nanofibers (CNFs), which were prepared by partial deacetylation of the nanofibrillated chitin and the subsequent 
reaction of the generated amino groups with N,N-dimethylacetamide dimethyl acetal, were converted into an amidinium 
chitin bicarbonate with nanofiber morphology by  CO2 gas bubbling and ultrasonic treatments in water. Xanthan gum hydro-
gels, which were prepared by exchange of disperse media from xantham gum ion gels with 1-butyl-3-methylimidazolium 
chloride, were then soaked in the resulting cationic CNF aqueous dispersions with different degrees of substitution (DSs) of 
amidinium groups to progress composition, giving rise to the CNF-reinforced xanthan gum hydrogels. The presence of CNFs 
in the hydrogels was confirmed by SEM measurement of the lyophilized samples. The amounts of CNFs in the hydrogels 
increased with increasing the DS values. The compression testing of the hydrogels suggested the reinforcing effect of CNFs, 
which were induced by electrostatic interaction owing to anionic nature of xanthan gum.
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Introduction

Polysaccharides are widely distributed in nature, and accord-
ingly, regarded as representative biomass resources [1, 2]. 
For example, natural polysaccharides composed of β(1 → 
4)-linked monosaccharide repeating units act as important 
structural materials and can be expected as the components 
in bio-based functional materials alternative to petroleum-
based materials because of their strength, biodegradable, 
low-toxic, and eco-friendly properties [3, 4]. Representa-
tively, cellulose and chitin (Fig. 1) are composed of β(1 → 
4)-linked d-glucose and N-acetyl-d-glucosamine (GlcNAc)  
repeating units, which are the most abundant organic 
resources in nature, mainly present in the cell walls of 
plants and the exoskeletons of crustaceans, shellfishes, and 
insects as structural materials, respectively [5–8]. Xanthan 
gum is a polysaccharide, also comprising a β(1 → 4)-linked 
d-glucose main-chain as same as cellulose, but which further 
shows a anionic nature owing to the presence of trisaccha-
ride side chains with carboxylate groups (mannose-β(1 → 

4)-glucuronic acid-β(1 → 2)-mannose-α(1 → 3)-), attached 
to alternate glucose units (Fig. 1) [9]. Such β(1 → 4)-linked 
polysaccharides often show solubility problem in common 
organic solvents owing to numerous intra- and intermo-
lecular hydrogen bonds and stiff molecular chain packing, 
leading to poor in feasibility and processability in material 
application [10]. Therefore, the research concerning efficient 
incorporation of such polysaccharides into functional mate-
rials has attracted much attention even in recent years. One 
of the efficient approaches to their materialization is nanofi-
brillation, such as nanofibers and nanowhiskers [11–17]. 
For example, breaking down the starting bulk fibril materi-
als from native cellulose and chitin sources by appropriate 
treatments in water has been conducted to induce nanofi-
brillation, such as by acid hydrolysis, grinding mechanical 
technique, and electrostatic repulsion after the introduction 
of carboxylate groups [18–22]. We also reported facile 
disentanglement of a native fibril chitin powder by  N2 gas 
bubbling and ultrasonic treatments in water upon top-down 
approach to obtain an aqueous dispersion of chitin nanofib-
ers (CNFs). Amino groups were then generated by partial 
deacetylation of CNFs (partially deacetylated (PDA)-CNFs), 
which were potentially converted into cationic amidinium 
groups through amidination and subsequent cationization 
with  CO2 to fabricate cationic CNFs (Fig. 2) [23]. Because 
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of exceptional properties of such polysaccharide nanomateri-
als as their lightweight character and high tensile strength, 
they have been used as reinforcing agents by composition for 
enhancement of mechanical properties of polymeric mate-
rials. The abovementioned cationic CNFs have also been 
used for composition with anionic polymers by electrostatic 
interaction to fabricate composite materials [24, 25].

On the other hand, we have reported the efficient forma-
tion of a xanthan gum hydrogel through exchange of dis-
perse media from an ion gel with an ionic liquid, 1-butyl-
3-methylimidazolium chloride (BMIMCl) [26, 27], based 
on the fact that ionic liquids are identified as good media 
for materialization of polysaccharides [28–36]. Furthermore, 
the mechanical property of the xanthan gum hydrogel was 
enhanced by the formation of ionic cross-linking of carboxy-
lates in xanthan gum with multivalent metal cations, such 

as  Ca2+. In the present study, we investigated the use of 
the cationic amidinium CNFs as a reinforcing agent for the 
xanthan gum hydrogel to enhance the mechanical proper-
ties. After exchange of disperse media from BMIMCl in 
the xanthan gum ion gels to water, the resulting hydrogels 
were soaked in aqueous dispersions of the cationic CNFs 
to fabricate the composite materials with multipoint ionic 
cross-linking by electrostatic interaction.

Experimental

Materials

Chitin powder from crab shell was purchased from 
Wako Pure Chemicals, Tokyo, Japan. An ionic liquid, 

Fig. 1  Structures of chitin and xanthan gum

Fig. 2  Preparation of amidinated CNF via partial deacetylation of CNF and conversion into amidinium bicarbonate CNF
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1-ally-3-methylimidazolium bromide (AMIMBr), was pre-
pared by the reaction of 1-methylimidazole with 3-bromo-
1-propene according to a method adapted from the literature 
[37].  N2 and  CO2 gases were directly introduced into experi-
mental media by bubbling through a glass pipette from gas 
cylinders. Other reagents and solvents were available com-
mercially and used without further purification.

Preparation of Amidinated Chitin

A mixture of chitin (0.252 g, 1.23 mmol) with water (40 mL) 
was subjected to  N2 gas bubbling and ultrasonic treatments 
for 8 h to give a dispersion, which was lyophilized to obtain 
the nanofibrillated chitin (0.172 g). The product was then 
treated with 30 wt% NaOH aq. (30 g) at 80 °C for 5 h. After 
the mixture was immersed in a mixed solution of methanol 
(200 mL) and water (100 mL) overnight, the N-deacetylated 
product was isolated by filtration, washed with methanol and 
water, and lyophilized (0.135 g). The degree of deacetylation 
of the product was estimated by the integrated ratio of the 
 CH3 signal to the H-1 signal in the 1H NMR spectrum of 
the sample solubilized by acidic hydrolysis of the produced 
PDA-chitin in DCl/D2O to be 28% for the total repeating 
units.

A mixture of the resulting PDA-chitin (0.12 g, 0.18 unit 
mmol) and N,N-dimethylacetamide dimethylacetal (10 equiv. 
with amino group, 0.24 g, 1.8 mmol) with AMIMBr (2.0 g, 
9.80 mmol) was heated at 80 °C for 2 h. After the mixture 
was immersed in methanol (300 mL) for 24 h, the product 
was isolated by filtration, washed with methanol and water, 
and lyophilized to give the amidinated chitin (0.106 g). 1H 
NMR spectrum of the sample solubilized by acidic hydroly-
sis of the product in DCl/D2O: δ 2.4–2.5 (m,  CH3C=O), 2.92, 
3.08 (br,  CH3C–N(–N)), 3.5–4.4 (br, H2–H6,  CH3–N), 4.80 
(br s, H1 of β(1 → 4)-linked GlcNAc chain), 4.9–5.1 (br, 
H1β of GlcNAc and D-glucosamine (GlcN), H1 of β(1 → 
4)-linked GlcN (hydrochloride) and amidinated GlcN 
(hydrochloride)), 5.37 (br s, H1α of GlcNAc), 5.56 (br s, 
H1α of GlcN). From the integrated ratio of the  CH3 signals 
of acetamidine to the H1 signals (δ 4.80–5.56), the degree 
of substitution (DS) value was calculated to be ca. 6% for 
the total repeating units.

Similarly, the reactions of PDA-chitin with 25, 50, and 
100 equivs. of N,N-dimethylacetamide dimethylacetal gave 
amidinated chitins with the DS values of 14, 17 and 21%, 
respectively.

Preparation of CNF‑Reinforced Xanthan Gum 
Hydrogel

A typical experimental procedure was as follows (run 1, 
Table 1). Xanthan gum (0.2 g, 0.21 mmol) was added to 
BMIMCl (1.1 g, 6.3 mmol) and stirred for 3 min at 100 °C 

to be a homogeneous solution (15 wt%). After the solution 
was continuously heated at 100 °C for 12 h without stir-
ring, it was kept at room temperature for 30 min to give 
a xanthan ion gel. The resulting gel was soaked in water 
(100 mL) for 24 h to give a hydrogel, which was taken out 
from the water solution. The resulting hydrogel was lyophi-
lized to estimate the water content, which was calculated to 
be 94 wt%. A mixture of the amidinated chitin (DS = 6%, 
0.10 g, 0.51 mmol) with water (50 mL) was subjected to 
 CO2 gas bubbling and ultrasonic treatments for 8 h to give an 
amidinium CNF dispersion. The xanthan hydrogel was then 
soaked in the resulting dispersion to give CNF-reinforced 
hydrogel (3.0 g). The resulting hydrogel was lyophilized 
to estimate the water content, which was calculated to be 
95 wt%.

The abovementioned nanofibrillated chitin was used as 
a reinforcing agent in a contrast experiment, in which the 
same procedure as above was conducted to obtain a refer-
ence sample.

Water‑Treatment of CNF‑Reinforced Xanthan Gum 
Hydrogel

A mixture of the lyophilized sample (0.02  g) from the 
CNF-reinforced xanthan gum hydrogel of run 4 with water 
(40 mL) was gently stirred at 50 °C for 6 h and subsequently 
ultrasonicated for 1 h. The residual material was isolated by 
filtration and dried under reduced pressure at 60 °C for 3 h 
(0.016 g). From the xanthan gum hydrogel, the same proce-
dure was conducted as a contrast experiment.

Measurements

SEM images were obtained using a Hitachi S-4100H elec-
tron microscope (Hitachi High-Technologies Corporation, 
Tokyo, Japan). Stress–strain curves were measured using 
a tensile tester (Little Senstar LSC-1/30, Tokyo Test-
ing Machine, Tokyo Japan). The 1H NMR spectra were 

Table 1  Weight ratios of xanthan gum to CNF and molar ratios of 
carboxylate to amidinium group in hydrogels

a Determined by 1H NMR analysis of samples solubilized by acidic 
hydrolysis of amidinated chitins in DCl/D2O
b Determined based on weights of unincorporated CNFs in hydrogels

Run DS of amidine 
 groupa (%)

Weight  ratiob 
(xanthan 
gum:CNF)

Molar  ratiob 
(carboxylate:amidinium)

1 6 1:0.041 1:0.15
2 14 1:0.077 1:0.33
3 17 1:0.11 1:0.40
4 21 1:0.16 1:0.49
5 0 1:0.025 1:0
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recorded using ECX400 and ECA600 spectrometers (JEOL, 
Akishima, Tokyo, Japan).

Results and Discussion

To prepare the cationic CNFs, the amidinated chitin was pre-
pared by the reaction of nanofibrillated PDA-chitin (degree 
of deacetylation = 28%), which was obtained by nanofibril-
lation of a commercial chitin powder by  N2 gas bubbling/
ultrasonic treatments in water and subsequent deacetylation 
under alkaline conditions, with N,N-dimethylacetamide 
dimethyl acetal in an ionic liquid, AMIMBr, according to a 
procedure previously reported by us (Fig. 2) [23]. The struc-
ture of the resulting amidinated chitin was established by the 
1H NMR analysis of the sample solubilized by acidic hydrol-
ysis of the product in DCl/D2O because of its insolubility 
in common NMR solvents. By changing the ratios of N,N-
dimethylacetamide dimethyl acetal to amino groups (10, 25, 
50, and 100 equivs.), amidinated chitins with DS values of 
6, 14, 17 and 21% were obtained. The amidine groups in the 

products were then converted into amidinium bicarbonates 
by protonation, along with simultaneous additional nanofi-
brillation by  CO2 gas bubbling and ultrasonic treatment of 
the resulting amidinated chitins (0.10 g) in water (50 mL), 
giving rise to aqueous dispersions of the cationic CNFs. The 
nanofiber morphology was seen in the SEM image of the 
aqueous dispersion (DS = 14%, Fig. 3a).

A xanthan gum hydrogel was prepared by soaking a 
xanthan gum ion gel (xanthan gum content = 15 wt%), 
which was prepared by a heating–cooling process of a xan-
than gum/BMIMCl mixture, in water for 24 h [26, 27]. A 
water content was calculated by the weight difference of 
the lyophilized sample from the hydrogel to be 94 wt%. 
The obtained hydrogel (xanthan gum content = 0.2 g) was 
then soaked in the abovementioned amidinium CNF dis-
persions (CNF content = 0.10 g, xanthan gum:CNF = 2:1 
(w/w)) with different DS values for 24 h to obtain CNF-
reinforced xanthan gum hydrogels (Fig. 4). The products 
were turbid because of the presence of CNFs, while color 
unevenness was not largely observed, indicating fairly dis-
persion of CNFs at the surface areas of the products. As 

Fig. 3  SEM images of a amidinium  CNF aqueous dispersion 
(DS = 14%), b surface area of lyophilized sample from xanthan gum 
hydrogel, c–g) surface areas of lyophilized samples from CNF-rein-

forced xanthan gum hydrogels of runs 1–5, and h–j cross-sectional 
areas (10, 50, and 100 µm depths) of lyophilized sample from CNF-
reinforced xanthan gum hydrogel of run 4

Fig. 4  Procedure for preparation 
of CNF-reinforced xanthan gum 
hydrogel
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a contrast experiment, the nanofibrillated chitin without 
amidinium cations was used as a reinforcing agent in the 
same procedure to produce the reference hydrogel sample. 
Water contents of the resulting hydrogels, which were cal-
culated by the weight differences of the lyophilized sam-
ples from the hydrogels, were around 93–95 wt% regard-
less of the DS values of amidinium groups. The amounts 
of CNFs composited into the hydrogels were calculated 
by weights of unincorporated CNFs. As shown in Table 1, 
the amounts of CNFs in the hydrogels increased in accord-
ance with increase of the DS values (runs 1–4), suggest-
ing the controllable introduction of CNFs as a reinforcing 
agent by the present method. This is probably owing to 
the formation of more electrostatic interactions between 
amidinium cations and carboxylate anions on CNF sur-
faces with increasing the DS values. Indeed, the amount of 
CNFs in the reference sample without electrostatic inter-
action, because of the absence of amidinium cations, was 
much smaller (run 5) than the other products. Figure 3c–f 
shows the SEM images of surface areas of the lyophilized 
samples from the hydrogels of runs 1–4 in comparison of 
those of the lyophilized xanthan gum hydrogel (Fig. 3b). 
All the images from the different DS values observe well-
dispersed nanofiber morphologies, strongly supporting 
composition of CNFs with xanthan gum. On the other 
hand, the SEM image of a surface area of the lyophilized 
sample from the reference hydrogel (run 5) observes much 
less amounts of nanofibers (Fig. 3g), that is in good agree-
ment with the lower weight ratio of CNFs listed in Table 1. 
The SEM images of cross-sectional areas of the lyophi-
lized sample (run 4) exhibit to decrease the amounts of 
nanofibers depending on depths from the surface (10, 50, 
and 100 µm, Fig. 3h–j), suggesting that CNFs have been 
mostly present at the surface layer in the hydrogel.

The composition of xanthan gum with the cationic CNFs 
by electrostatic interaction was evaluated by water-treatment 
of the lyophilized sample (run 4) at 50 °C for 6 h, followed 
by untrasonication. Consequently, the sample was mostly 
remained as shown in Fig. 5a, in which its weight after 
isolation by filtration and drying was comparable to that 
before the treatment (0.016 and 0.020 g, respectively). In 
contrast, the lyophilized sample from the pure xanthan gum 
hydrogel was solubilized by the same treatment with water 
(Fig. 5b) and no residue was obtained by filtration. These 
results strongly supported the composition between the two 
components by multipoint ionic cross-linking owing to elec-
trostatic interaction.

The mechanical properties of the hydrogels were eval-
uated by compression testing. The stress–strain curves 
in Fig.  6a–e indicate increase of fracture stress values 
and decrease of fracture strain values with increasing the 
amounts of CNFs, compared with those of the xanthan 
gum hydrogel. These results suggest the hydrogels to be 
strengthened in accordance with the amounts of CNFs, 
strongly supporting the reinforcing effect of CNFs prob-
ably by electrostatic interactions with xanthan gum in the 
hydrogels. Because of the much smaller amount of CNFs in 
the reference sample of run 5, the reinforcing effect has not 
obviously been observed compared with the other samples, 
as its stress–strain curve exhibits the similar profile to that 
of the xanthan gum hydrogel (Fig. 6a, f).

Conclusions

In this study, we performed the preparation of amidinium 
CNF-reinforced xanthan gum hydrogels. The cationic CNFs 
were prepared according to the previously reported method 

Fig. 5  Photographs of water-treatment experiment of lyophilized samples from a CNF-reinforced xanthan gum hydrogel of run 4 and b xanthan 
gum hydrogel



676 Journal of Polymers and the Environment (2019) 27:671–677

1 3

by us. The xanthan gum hydrogel, which was prepared from 
the xanthan gum ion gel with BMIMCl, was soaked in the 
CNF aqueous dispersion for the progress of composition 
by electrostatic interaction between the cationic CNFs and 
anionic xanthan gum. The DS values of amidinium groups 
affected the composition amounts of CNFs and also the 
mechanical properties of the resulting hydrogels under 
compression mode. The present materials resulted from 
natural polysaccharide sources have a potential for practical 
applications as new functional bio-based materials, such as 
drug carriers, biocompatible substrates, and tissue matrixes, 
in biomedical and tissue engineering fields in the future, 
because of their biodegradable, eco-friendly, and non-toxic 
properties.
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