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Abstract In the previous study, we successfully prepared a chitin nanofiber film

by regeneration from a chitin ion gel with an ionic liquid using methanol. In this

study, we performed surface-initiated graft polymerization of c-benzyl L-glutamate

N-carboxyanhydride (BLG-NCA) from amino groups on a partially deacetylated

chitin nanofiber (PDA-CNF) film. First, the chitin nanofiber film was immersed in

40 % NaOH aq. at 80 �C for 7 h for partial deacetylation. Then, the PDA-CNF film

was immersed in a solution of BLG-NCA in ethyl acetate at 0 �C for 24 h for graft

polymerization from amino groups on nanofibers to give a chitin nanofiber-graft-

poly(c-benzyl L-glutamate) (CNF-g-PBLG) film. The analytical results of the film

indicated that graft polymerization of BLG-NCA occur on surface of nanofibers.

Furthermore, the film was treated with 1.0 mol/L NaOH aq. to convert PBLG on

nanofibers into poly(c-L-glutamic acid sodium salt) (PLGA). Then, condensation of

the resulting carboxylates with amino groups at the terminal ends of PLGAs or the

remaining amino groups on nanofibers was performed using the condensing agent to

produce a CNF-g-PLGA network film. The resulting film showed the good

mechanical properties with high flexibility, which has potentials as promising

materials for practical applications.
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Introduction

Chitin is an aminopolysaccharide composed of N-acetyl-D-glucosamine residues

linked through b-(1?4)-glycosidic bonds, which occur mainly in exoskeletons of

crustaceans, shellfish, and insects [1–4]. Although chitin is one of the most abundant

biopolymers produced in nature, it still remains as an unutilized biomass resource

primary because of its intractable bulk structure. Therefore, the researches

concerning conversion of chitin into functional bio-based materials through its

proper dissolution and processing have attracted much attention even in recent years

[5]. However, chitin is insoluble in water and the most common organic solvents

due to numerous intra- and intermolecular hydrogen bonds, causing difficulty in its

feasibility and processability.

To efficiently provide new chitin-based materials through dissolution or gelation,

we have focused on ionic liquids, which are low-melting point salts that form

liquids at temperatures below the boiling point of water, because they have recently

been found to be used as good solvents for polysaccharides such as cellulose [6–9].

Since it was reported that 1-butyl-3-methylimidazolium chloride of an ionic liquid

dissolved cellulose in relatively high concentrations [10], various ionic liquids have

been used for material processing of cellulose [6–9]. However, little has been

reported regarding the dissolution of chitin with the ionic liquids [11–15]. In the

previous papers, we reported that an ionic liquid, 1-allyl-3-methylimidazolium

bromide (AMIMBr), dissolved chitin in the concentrations up to ca. 4.8 wt% and

further formed ion gels with higher contents of chitin [16, 17]. Furthermore, we

reported that chitin nanofiber films were facilely obtained by regeneration from the

ion gels using methanol, followed by filtration (Fig. 1a) [18]. This approach accords

to self-assembling generative (bottom-up) route, which is completely different from

the common approaches for the production of chitin nanofibers according to top-

down route that break down the starting native chitin [19–21]. Recently, we also

performed the surface-initiated ring-opening graft copolymerization of L-lactide

(LA)/e-caprolactone (CL) from the chitin nanofiber film [22] because the ring-

opening copolymerization has been known to produce a biodegradable and

biocompatible poly(LA/CL) [23–25], which has a potential to act as a good

component in bio-based materials. In this procedure, hydroxy groups in the chitin

structure were acted as initiating groups and the graft copolymerization took place

on surface of the nanofibers to produce chitin nanofiber-graft-poly(LA/CL) films.

For grafting on the chitin nanofibers to yield further useful bio-based composite

materials, in the present study, we have noted synthetic polypeptides as another

biocompatible polymer. Because it has been well known that synthetic polypeptides

with well-defined structures are synthesized by ring-opening polymerization of a-

amino acid N-carboxyanhydrides (NCAs) accompanied with decarboxylation

initiated from amino groups [26, 27], in this study, we investigated the surface-

initiated graft polymerization of a NCA monomer from the chitin nanofiber film

having amino initiating groups to give chitin nanofiber-graft-polypeptide materials.

As the monomer, moreover, we selected c-benzyl L-glutamate-NCA (BLG-NCA)

because its ring-opening polymerization and subsequent hydrolysis of ester linkages

gives poly(c-glutamic acid) having carboxylic acid groups. In the previous papers
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related to the present study, graft polymerization of NCA monomers from amino

groups on a water-soluble chitin (degree of deacetylation; 50 %) has been

performed [28, 29].

In this paper, we report the surface-initiated ring-opening polymerization of

BLG-NCA initiated from amino groups on surface of the partially deacetylated

chitin nanofiber (PDA-CNF) film, which was prepared by alkaline treatment of the

original chitin nanofiber film, to give chitin nanofiber-graft-poly(c-benzyl L-

glutamate) (CNF-g-PBLG) films (Fig. 1b). Furthermore, we found that a highly

flexible chitin nanofiber-graft-poly(c-L-glutamic acid sodium salt) (CNF-g-PLGA)

network film was obtained by alkaline hydrolysis of ester linkages in the PBLG

chains on the CNF-g-PBLG to convert into the PLGA chains, followed by

condensation of the produced sodium carboxylate groups with amino groups present

in the film (Fig. 1c).

Experimental

Materials

Chitin powder from crab shells was purchased from Wako Pure Chemical

Industries, Ltd., Japan. The weight-average molecular weight value of the chitin

sample was estimated by viscometric analysis to be 7 9 105 [30]. A monomer,

BLG-NCA, was synthesized according to the literature procedure [31]. An ionic

liquid, AMIMBr, was prepared by reaction of 1-methylimidazole with 3-bromo-1-

propene according to the method modified from the literature procedure [32]. Chitin

nanofiber films were prepared by the procedure as we performed in our previous

publication [18]. All other reagents and solvents were used as received from

commercial sources.

Partial deacetylation of chitin nanofiber (PDA-CNF) film [33]

The chitin nanofiber film (0.10 g, 0.49 mmol) was immersed in 40 % (w/v) NaOH

aq. (20 mL) at 80 �C for 7 h. Then, the film was washed with water and methanol

and dried under ambient atmosphere to give the PDA-CNF film.

Surface-initiated graft polymerization of BLG-NCA from PDA-CNF film

A typical experimental procedure for the surface-initiated graft polymerization was

as follows. The chitin nanofiber film (0.010 g) was immersed in a solution of BLG-

NCA (0.085 g, 0.32 mmol, 20 equiv. for an amino group) in ethyl acetate (2.0 mL)

at 0 �C for 24 h. The resulting film was then washed with ethyl acetate and dried

under ambient atmosphere to give CNF-g-PBLG film (0.0122 mg, grafting ratio;

18 wt%).
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Alkaline treatment of CNF-g-PBLG film

The CNF-g-PBLG film (0.010 g, grafting ratio; 18 wt%) was immersed in 1.0 mol/L

NaOH aq. (5.0 mL) at 60 �C for 5 h. The resulting film was then washed with water

and methanol and dried under ambient atmosphere to give the CNF-g-PLGA film.

Condensation of sodium carboxylate groups with amino groups in CNF-g-PLGA

film

The CNF-g-PLGA film (0.010 g) was immersed in a solution of N-hydroxy-

succinimide (NHS, 0.016 g, 0.14 mmol) and 1-ethyl-3-(3-dimethylaminopro-

pyl)carbodiimide hydrochloride (EDC, 0.027 g, 0.14 mmol) in water (2.0 mL) at

room temperature for 12 h. The resulting film was then washed with water and

methanol and dried under ambient atmosphere to give CNF-g-PLGA network film.

Measurements

IR spectra were recorded on a SHIMADZU FTIR-8400 or Jasco IRT-3000

spectrometers. The SEM images were obtained using Hitachi S-4100H electron

microscope. The powder X-ray diffraction (XRD) measurements were conducted

using a PANalytical X’Pert Pro MPD with Ni-filtered CuKa radiation

(k = 0.15418 nm). The stress–strain curves were measured using a tensile tester

(Little Senster LSC-1/30, Tokyo Testing Machine).

Results and discussion

Surface-initiated graft polymerization of BLG-NCA from chitin nanofiber film

As previously reported by us [18], the chitin nanofiber film was obtained through the

gelation with AMIMBr, followed by regeneration using methanol and filtration

according to Fig. 1a. Because the NCA monomer has been polymerized from an

amino initiating group, partial deacetylation of acetamido groups in the chitin

nanofiber film was conducted by the treatment with 40 % (w/v) NaOH aq. at 80 �C

for 7 h to introduce amino groups in the film [33]. The degree of deacetylation of

the produced PDA-CNF film was estimated by the ratio of the absorption due to

amido II at 1,560 cm-1 to that due to the C–O stretching at 1,070 cm-1 in the IR

spectrum to be 24 % [34]. The SEM image and the XRD pattern of the resulting

PDA-CNF film (Figs. 2b, 3b) were comparable to those before the alkaline

treatment (chitin nanofiber film, Figs. 2a, 3a), suggesting the preservation of the

nanofiber morphology and the crystalline structure of antiparallel a-chitin arrange-

ment, respectively.

Fig. 1 Preparation of chitin nanofiber film through gelation with AMIMBr (a), preparation of PDA-CNF
film and surface-initiated graft polymerization of BLG-NCA from PDA-CNF film (b), and alkaline
treatment of CNF-g-PBLG film and subsequent condensation to produce CNF-g-PLGA network film (c)

b
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When the attempts for the surface-initiated graft polymerization of BLG-NCA

using the resulting PDA-CNF film were made under various conditions, we found

that the following experimental manner was the most appropriate to perform the

efficient polymerization. Thus, PDA-CNF film was immersed in a solution of BLG-

NCA (5, 10, 20 equiv. for an amino group) in ethyl acetate at 0 �C for 24 h for the

surface-initiated graft polymerization from amino groups [28]. Figure. 4b shows the

IR spectrum of the produced CNF-g-PBLG film using 20 equiv. of BLG-NCA in

comparison with that of PDA-CNF film (Fig. 4a). The C=O absorption due to ester

linkage was detected at 1,735 cm-1 in the IR spectrum after the graft polymer-

ization, strongly suggesting the presence of PBLG in the product, which was

explanatorily bound to the nanofibers by covalent linkage. The grafting amounts

(weight ratios to the original PDA-CNF film) of the PBLG chains, which were

evaluated by the weight differences of the films before and after the graft

polymerization, increased with increasing the feed ratios of BLG-NCA to an amino

group (5 equiv.; 10 wt%, 10 equiv.; 14 wt%, 20 equiv.; 18 wt%). The SEM image

of the CNF-g-PBLG film (Fig. 2c, grafting ratio; 18 wt%) indicated that

Fig. 2 SEM images of chitin nanofiber film (a), PDA-CNF film (b), CNF-g-PBLG film (c), and CNF-g-
PLGA network film (d)
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morphology of nanofibers still remained, but some fibers were merged at the

interfacial areas that was probably caused by the grafted PBLG chains present on

the nanofibers. The XRD pattern of the CNF-g-PBLG film (Fig. 3c) was almost

same as that of the PDA-CNF film, indicating that the crystalline structure of the

chitin chains was not disrupted owing to the occurrence of the graft polymerization

only on surface of the nanofibers.

Alkaline treatment and condensation of CNF-g-PBLG film

The alkaline treatment of the CNF-g-PBLG film and the subsequent condensation

were conducted to produce the chitin nanofiber-polypeptide network film with

superior mechanical property (Fig. 1c). First, the CNF-g-PBLG film (grafting ratio;

18 wt%) was immersed in 1.0 mol/L NaOH aq. at 60 �C for 5 h for the alkaline

hydrolysis of benzyl esters to convert into the CNF-g-PLGA film having sodium

carboxylate groups. The IR spectrum of the film after the alkaline treatment

(Fig. 4c) did not exhibit the ester carbonyl absorption, supporting that benzyl esters

were completely hydrolyzed to convert into sodium carboxylate groups. Then, the

Fig. 3 XRD profiles of chitin nanofiber film (a), PDA-CNF film (b), CNF-g-PBLG film (c), and CNF-g-
PLGA network film (d)
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condensation of the introduced carboxylate groups with amino groups at the

terminal end of the PLGA chains or the remaining amino groups on the nanofibers,

which did not participate in the initiation of the graft polymerization was conducted

using the NHS/EDC condensing agent (10 equiv. for a carboxylate group) in water

at room temperature for 12 h to construct PLGA or PLGA/chitin networks in the

film. The intensity ratio of the amido II absorption at 1,560 cm-1 to the C–O

stretching absorption at 1,070 cm-1 in the IR spectrum of the product was 22 %

larger than that of the film before the condensation [34]. This result indicated the

progress of the desired condensation reaction to yield the CNF-g-PLGA network

film. The SEM and XRD results of the produced network film (Figs. 2d, 3d) were

quite similar to those of CNF-g-PBLG film (Figs. 2c, 3c).

Finally, the mechanical properties of the chitin nanofiber, CNF-g-PBLG, and

CNF-g-PLGA network films were evaluated by tensile testing (Fig. 5). The stress–

strain curve of the CNF-g-PBLG film (Fig. 5b) showed the larger strain value at

break than that of the chitin nanofiber film (Fig. 5a) with the comparable fracture

stress values, indicating the more elastic nature of the former film. The stress–strain

curve of the CNF-g-PLGA network film (Fig. 5c) exhibited the larger values both in

fracture stress and strain than those of the other films (some horizontal bars of

various lengths were detected in the curve probably because the measurement was

conducted in the range almost nearby lower limit of the tensile machine). These data

indicated the superior mechanical property of the CNF-g-PLGA network film.

Indeed, the CNF-g-PLGA network film had the highly flexible nature, in which this

was bended without breaking as shown in Fig. 6.

Fig. 4 IR spectra of PDA-CNF film (a), CNF-g-PBLG film (b), and CNF-g-PLGA film (c)
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Conclusion

In this study, the surface-initiated graft polymerization of BLG-NCA initiated from

amino groups on the PDA-CNF film, which was prepared by the alkaline treatment

of the chitin nanofiber film, was conducted to give the CNF-g-PBLG film. The IR,

SEM, and XRD results of the product indicated the presence of the graft PBLG

chains on the nanofibers bound by covalent linkage. The PBLG chains on the film

were converted into the PLGA chains by the alkaline hydrolysis of benzyl esters.

Furthermore, the condensation of the carboxylate groups in the PLGA chains with

amino groups at the terminal ends of the PLGA chains or the remaining amino

groups on the nanofibers was conducted using the NHS/EDC condensing agent in

water to construct PLGA or PLGA/chitin networks in the film. The resulting CNF-

g-PLGA network film showed the superior mechanical property compared with the

chitin nanofiber film as well as the CNF-g-PBLG film. Because the present

composite films are fully composed of biocompatible polymeric chains, i.e., chitin

Fig. 5 Stress-strain curves of chitin nanofiber film (a), CNF-g-PBLG film (b), and CNF-g-PLGA
network film (c)

Fig. 6 Photographs of CNF-g-PLGA network film
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and polypeptide, the materials have high potentials for the practical applications in

the biomedical and environmental polymeric fields such as tissue engineering and

bioplastics in the future.
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