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In this study, we performed the self-assembly of the amylose-grafted carboxymethyl cellulose sodium
salt (NaCMC) for the formation of nanofiber films under aqueous conditions. The introduction of amylose
graft chains was conducted by the chemoenzymatic approach including phosphorylase-catalyzed enzy-
matic polymerization. The product had the rigid NaCMC main chain, which further assembled leading to
nanofibers by the formation of double helix between the long amylose graft chains in the intermolecular
NaCMC chains of the products. The lengths of the fibers were depended on degrees of polymerization of
amylose chains. The nanofiber films were constructed by drying the alkaline solutions of the amylose-
grafted NaCMC. The lengths of the nanofibers strongly affected their arrangements in the films. The
nanofibers were merged further by washing out alkali to produce the robust nanofiber films.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Natural polysaccharides are the most abundant organic sub-
stances on the earth (Berg, Tymoczko, & Stryer, 2006). Cellulose is a
representative polysaccharide and the structure of which consists
of a chain of B-(1 — 4)-linked glucose residues (Schuerch, 1986). It
is a very important renewable resource that has a number of tra-
ditional applications including its use in furniture, clothing, and
medical products (Klemm, Heublein, Fink, & Bohn, 2005). Vari-
ous derivatives of cellulose have also been synthesized and used
in practical applications (Doelker, 1993). Carboxymethyl cellulose
(CMC), an anionic water-soluble polysaccharide, is one of the most
widely applied cellulose derivatives, which can be used in vari-
ous fields such as detergent, food, paper, and textile industries
(Stephen, Philips, & Williams, 1995). A sodium salt of CMC (NaCMC)
has a number of sodium carboxymethyl groups (—CH;CO;Na),
which promote water solubility. NaCMC has facile film formabil-
ity although the film is water-soluble or swellable. Besides linear
polysaccharides such as cellulose, branched hetero structures have
often been observed in natural polysaccharides, where a polysac-
charide of the main chain accompanies different kinds of branched
saccharide chains by covalent linkages (Schuerch, 1986). The devel-
opment of efficient methods for the preparation of branched or
grafted artificial heteropolysaccharides using common polysaccha-
rides, therefore, is a promising topic in bio-based material research
fields.
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In this paper, we report the self-assembly of a new NaCMC-
based heteropolysaccharide, which has the graft chains of another
natural glucose polymer linked through a-(1 — 4)-glycosidic link-
ages, that is, amylose (Berg et al., 2006; Schuerch, 1986),
successfully giving rise to nanofiber films. For the synthesis
of the material, i.e.,, an amylose-grafted NaCMC, we employed
chemoenzymatic technique combined of phosphorylase-catalyzed
enzymatic polymerization forming amylose with chemical reac-
tion, which was recently developed by us (Kaneko & Kadokawa,
2009; Omagari & Kadokawa, 2011). The enzymatic polymeriza-
tion by the phosphorylase catalysis is performed using a-D-glucose
1-phosphate (G-1-P) as a monomer (Fujii et al., 2003; Kitaoka &
Hayashi, 2002; Ohdan, Fujii, Yanase, Takaha, & Kuriki, 2006; Yanase,
Takaha, & Kuriki, 2006; Ziegast & Pfannemiiller, 1987). To initiate
the polymerization, a maltooligosaccharide as a primer is neces-
sary. The propagation proceeds through the following reversible
reaction to produce amylose; (a-(1 — 4)-G), +G-1-P = (a~(1 — 4)-
G)p+1 +P. The degrees of polymerization (DPs) of the produced
amyloses were controlled by the feed molar ratios of G-1-P/primer.
For the synthesis of the amylose-grafted heteropolysaccharides
in the previous investigations, the maltooligosaccharide primers
were first introduced on the main chain polysaccharides by chem-
ical reactions, and then, the phosphorylase-catalyzed enzymatic
polymerization from the primers were conducted. By means of
the chemoenzymatic technique, we have previously reported the
synthesis of amylose-grafted chitin/chitosan, cellulose, alginate,
and xanthan gum (Arimura, Omagari, Yamamoto, & Kadokawa,
2011; Kaneko, Matsuda, & Kadokawa, 2007; Matsuda, Kaneko, &
Kadokawa, 2007; Omagari, Matsuda, Kaneko, & Kadokawa, 2009;
Omagari, Kaneko, & Kadokawa, 2010). The resulting materials often
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Scheme 1. Chemoenzymatic synthesis of amylose-grafted NaCMC (3).

exhibited different properties and natures from those of amylose
and the main chain polysaccharides.

In this study, we synthesized the desired amylose-grafted
NaCMCs with different functionalities and DP of the graft chains by
means of the above chemoenzymatic technique (Scheme 1). Then,
self-assembling property of the products under aqueous conditions
was evaluated by the SEM measurement, which showed the forma-
tion of nanofibers. From the materials with longer amylose graft
chains, furthermore, robust films were obtained by the formation
of long nanofibers from their alkaline solutions and subsequent
cross-linking process through double-helix formation between
the amylose graft-chains in fibers by washing out alkali. Self-
assembled fibrillar nanostructures from biological macromolecules
such as cellulose are promising materials for the practical appli-
cations in bio-related research fields such as tissue engineering
(Abdul Khalil, Bhat, & Ireana Yusra, 2012; Beglou & Haghi, 2008;
[sogai, Saito, & Fukuzumi, 2011). Conventional approaches to the
production of cellulose nanofibers are mainly performed upon
top-down procedures that break down the starting bulk materi-
als from natural resources. For example, the cellulose nanofibers
were produced through disintegration process from native cellu-
lose by TEMPO-mediated oxidation or mechanical treatment (Abe,
Iwamoto, & Yano, 2007; Saito, Kimura, Nishiyama, & Isogai, 2007;
Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006). The present
method reported herein is the completely different approach from
the above to produce nanofibers of cellulose derivative, that accords
to self-assembling generative (bottom-up) route, in which fibrillar
nanostructures are produced by regeneration from the solutions
of cellulosic materials via appropriate process, as an example of

the previously reported electrospinning equipment (Ma, Kotaki, &
Ramakrishna, 2005). This approach, moreover, provides a new effi-
cient method for cross-linking among nanofibers by the interaction
of graft-chains present on them to construct the morphologically
controlled materials.

2. Experimental part
2.1. Materials and methods

Commercially available NaCMC (average M,y ; ca 250,000, degree
of substitution (DS)=0.7) was purchased from Sigma-Aldrich
Chemical Co. Thermostable phosphorylase (from Aquifex aeoli-
cus VF5, ca. 180 unit/mL) was supplied from Ezaki Glico Co. Ltd.,
Osaka, Japan. An amine-functionalized maltooligosaccharide (1)
was synthesized according to literature procedure reported by us
(Omagari et al., 2010). Synthesis of maltooligosaccharide-grafted
NaCMC (2) was conducted by the reaction of 1 with NaCMC
in water using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS) as a condensing
agent (detailed procedure see supplementary data). Other reagents
and solvents were used as received. 'H NMR spectra were recorded
on a JEOL ECX-400 spectrometer. SEM images were obtained using
Hitachi SU-70 electron microscope. XRD measurements were con-
ducted using PANalytical X'Pert Pro MPD with Ni-filtered Cu Ka
radiation (A =0.15418 nm). The stress-strain curves under tensile
mode were measured using a tensile tester (Little Senster LSC-1/30,
Tokyo Testing Machine).
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Fig. 2. SEM images of samples 3b (a) and 3c (b) prepared from their alkaline solutions (1.0 x 104 mol/L).

2.2. Synthesis of amylose-grafted NaCMC (3) solution. After the pH value of the solution was adjusted to 6.2
by addition of 0.20 mol/L aqueous acetic acid, thermostable phos-

The aforementioned 2 was dissolved in aqueous acetate buffer phorylase was added to this solution, and the solution was stirred
(0.2mol/L, pH 6.2) and sodium salt of G-1-P was added to the at 40-45°C for 20 h. The reaction mixture was subjected to the

Fig. 3. SEM image of films prepared from alkaline solutions (0.040 g in 0.50 mol/L aqueous NaOH (1.50 mL)) of 3b and 3c (a and c, respectively), and films after washing out
alkali (b and d, respectively).



1374 J.-i. Kadokawa et al. / Carbohydrate Polymers 90 (2012) 1371-1377

@

o L‘J j ™
- i ©
Wi g A
©
5 10 15 20 25 30 35 40
206/deg (CuKa)

Fig. 4. XRD profiles of films of 3a (a), of 3¢ (b, containing alkali), of 3¢ (c, without
alkali), amylose (d), and NaCMC (e).

appropriate procedure to give 3. The detailed preparative pro-
cedures for the representative samples of 3 were described in
supplementary data.

2.3. Preparation of film from 3 with graft chains of high DPs

The powdered sample 3 of run 9 or 10 in Table S1 (0.040 g) was
dissolved in 0.50 mol/L aqueous NaOH (1.50 mL) with stirring at
room temperature. The alkaline solution was spread thinly on a
Petri dish and left standing at room temperature for dryness to
give a film containing alkali. The resulting material was immersed
in water (10 mL) for 10 min, followed by immersion in water (5 mL)
for 5 min to wash out alkali. Then, the material was left standing at
room temperature for dryness to give a film excluding alkali.

3. Results and discussion

For the preparation of the amylose-grated NaCMCs by the
chemoenzymatic technique, the introduction of maltooligosaccha-
rides on NaCMC chains was first performed by the condensation
of the amino group in 1 with the carboxylates in NaCMC (My; ca.
250,000, DS=0.7) using a condensing agent of EDC/NHS in water
at room temperature to produce a maltooligosaccharide-grafted
NaCMC (2) (Scheme 1). The product, which was isolated by dialysis
against water, followed by precipitation into methanol, was char-
acterized by the TH NMR measurement in D, 0O (Fig. S1). The ratios
of the introduced maltooligosaccharide chains to the glucose units
(functionality), which were calculated by the integrated ratios of

the a-anomeric signals to 3-anomeric signals, were controlled by
the feed ratios of 1 to NaCMC in the condensation.

The synthesis of the amylose-grafted NaCMC (3) with shorter
graft chains was performed by the phosphorylase-catalyzed
enzymatic polymerization of G-1-P from non-reducing ends of mal-
tooligosaccharide (primer) graft chains in 2 (functionality of graft
chain; 35.4%) in the low feed ratio, that is, G-1-P/primer=>5, in
0.20 mol/L sodium acetate buffer (pH 6.2) at 40-45 °C for 20 h (run
7, Table S1). The product 3a was isolated by dialysis against water
and purified further by precipitation into methanol. The isolated
product was soluble in water, and thus, was characterized by the
TH NMR measurement in D,0 (Fig. S2), which showed obvious
increase of the integrated ratio of a-anomeric signal to 3-anomeric
signal compared with that in the 'H NMR spectrum of 2 (Fig. S1).
An average DP of amylose graft chains was calculated on the basis
of the elemental analysis data of 3a and the functionality of mal-
tooligosaccharide chain in 2 to be 17.

To evaluate self-assembling property of the resulting material
3a under aqueous conditions, the SEM measurement was con-
ducted. A diluted aqueous solution (ca. 1.0 x 102> mol/L) of 3a on
an aluminum plate was dried under ambient conditions to pro-
vide a SEM sample. Fig. 1c shows the SEM image of the sample
3a in comparison with that of samples NaCMC and 2 (functional-
ity of graft chain; 35.4%) prepared by the same procedure (Fig. 1a
and b, respectively). The SEM image of NaCMC showed morphology
of uncontrolled particles, whereas rod-like aggregates with 70 and
433 nm in average width and length, respectively, were seen in that
of 2. Furthermore, bundles of some fibrils, where each fiber had an
average 39 nm width, were observed in the SEM image of 3a. These
results indicated that 2 and 3a favorably formed rigid assemblies
under aqueous conditions, probably because of the presence of a
number of graft chains on the NaCMC chain, which prevented to
construct random-coil conformation.

Then, water-insoluble materials of 3 were prepared by introduc-
ing the longer amylose graft chains to evaluate the more detailed
self-assembling property under aqueous conditions. Accordingly,
the phosphorylase-catalyzed polymerization of G-1-P in the higher
feed ratios of G-1-P/primer (100, 300, and 500) was carried out
using 2 with the different functionalities of maltooligosaccharides
(10.0, 21.2, and 35.4) as shown in Table S1. All the products were
insoluble in water, but soluble in aqueous alkaline solution, and
thus, their structures were confirmed by the 'TH NMR measure-
ment in 1.0 mol/L NaOD/D,0 (Fig. S3, run 1, Table S1). In addition
to the fact that an aqueous alkaline solution is a good solvent for
amylose, the presence of sodium carboxymethyl groups probably
contributed to solubilization of the products in the alkaline solu-
tion. The average DPs of amylose graft chains were higher than
those in the aforementioned 3a and were controlled by changing
the feed ratios of G-1-P/primer.

When the phosphorylase-catalyzed polymerization of G-1-P
using 2 was carried out under the conditions of runs 9 and 10,
the resulting reaction mixtures turned into gel form. Therefore,
the products were isolated by immersing the mixtures in water,
followed by lyophilization to give 3b and 3c (DP; 140 and 214,
respectively, functionality; 35.4%). The SEM measurement of 3b
and 3¢ was conducted using their samples prepared by dryness of
the diluted alkaline solutions (1.0 x 10~4 mol/L) in 5.0 x 10~4 mol/L
aqueous NaOH under ambient conditions. In the SEM images of
the samples 3b and 3c (Fig. 2a and b, respectively), morphologi-
cally controlled nanofibers were clearly seen, indicating that the
presence of the long amylose graft chains obviously contributed to
the formation of nanofibers. An average length of the fibers from
3c (1.43 pm) was longer than that from 3b (0.66 wm) with simi-
lar average widths (32.5 and 37.5 nm, respectively), suggesting the
lengths of nanofibers were depended on DPs of amylose graft chains
on the CMC chains.
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The films were obtained by dryness of the thinly spread alka-
line solutions of 3b and 3c in a higher concentration (0.040¢g in
0.50 mol/Laqueous NaOH (1.50 mL)); the films still contained alkali.
It was confirmed from the SEM image (Fig. 3a) that the film of
3b was constructed from nanofibers arrayed in parallel. The SEM
image (Fig. 3c) showed the film of 3¢ was also constructed from
nanofibers, but which was arranged in highly condensed entan-
glement. These results indicated that DPs of graft chains on the
CMC chains strongly affected the arrangements of nanofibers in the
films. Then, alkali present in the films was removed by immersion
in water. The SEM images (Fig. 3b and d) of the resulting films with-
out alkali showed that the nanofibers were merged each other at
interfacial area with remaining the fiber arrangements as observed
in the films before washing out alkali.

To evaluate the role of amylose graft chains on the construc-
tion of the nanofiber films, the powder XRD measurement was
conducted. In the XRD profile of the film of 3¢ with the long graft
chains (DP; 214), corresponding to that of Fig. 3¢, diffraction peaks

due to amylose double helix, as observed in the XRD profile of
a sole amylose (Fig. 4d), were slightly observed (indicated with
shadows) besides diffraction peaks due to NaOH (Fig. 4b) (Potocki-
Veronese et al., 2005; Putaux, Potocki-Véronése, Remaud-Simeon,
& Buleon, 2006). The diffraction peaks of amylose helix were not
significantly appeared in the XRD profile of the film of 3a with the
shorter graft chains (Fig. 4a). These results suggested that the longer
amylose graft chains favorably formed double helix in the inter-
molecular rigid CMC chains to contribute to the construction of the
long nanofibers although the formation of amylose double helix
was generally prevented in an alkaline solution due to its nature
of a good solvent for amylose. After washing out alkali from the
film of 3c, the large diffraction peaks due to amylose double helix
were observed as shown in Fig. 4c. This data indicated that the
double helix formation among nanofibers occurred by exclusion of
alkali from the film, leading to fusion of the fibers. The XRD pro-
files from 3b showed the similar results as those from 3c in Fig. 4b
and c. The above XRD results suggested the large influence of the
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Fig. 6. Stress-strain curves of the films from 3b (a) and 3c (b) after washing out
alkali.

grafted amylose chain lengths on the efficient formation of the
nanofibers. However, the critical chain lengths for the formation
of the nanofibers are not yet clear. Because the nanofiber forma-
tion is probably affected by the functionality of the amylose graft
chain and the chain length of CMC as well, the detailed study on
the effects of these factors is now in progress.

On the basis of the above results, we propose the following self-
assembling process of 3 under aqueous conditions, leading to the
nanofiber film (Fig. 5). Non-crystalline NaCMC chains, which was
confirmed by no appearance of significant crystalline peak in the
XRD profile (Fig. 4e), form rigid conformation by the introduction of
anumber of maltooligosaccharide or amylose chains on the NaCMC
chains (process (A)). Because the short amylose chains, i.e., DP=17,
do not sufficiently form double helix, which was confirmed by the
XRD measurement (Fig. 4a), 3a only constructs a bundle of fibrils.
While the longer amylose chains form double helix to assist inter-
molecular aggregation of the rigid 3¢ and 3b molecules, clearly
leading to the nanofiber formation (process (B)). During the film
formation from 3b and 3c under alkaline conditions, the morpho-
logically controlled self-assembly of nanofibers depending on the
lengths of fibers occurs, where the shorter nanofibers from 3b array
in parallel (process (C)), whereas the longer nanofibers from 3c
are highly entangled (process (D)). By washing out alkali from the
films, the double helix formation between amylose chains on the
nanofibers are progressed, leading to fusion of the fibers (processes
(E) and (F)).

Finally, mechanical properties of the films of 3b and 3c
after washing out alkali were evaluated by tensile testing. The
stress—strain curves of both the films under tensile mode (Fig. 6)
showed the large fracture stress values, indicating their robust
natures. The film of 3b showed more elastic nature, which was elon-
gated to the 6.9% fracture strain with the 29 MPa fracture stress.
While harder nature was significantly confirmed in the film of 3¢
by appearance of the much higher fracture stress (125 MPa) and
the lower fracture strain (4.5%). These results suggested that the
arrangements of nanofibers in the films strongly affected mechan-
ical properties.

4. Conclusions

In this paper, we reported the morphologically controlled self-
assembly of the amylose-grafted NaCMC 3 for the formation of
the nanofiber films under aqueous conditions. The introduction of
amylose graft chains contributed to the construction of the rigid
NaCMC main chain. The long amylose graft chains formed double
helix in the intermolecular NaCMC chains of 3 to give nanofibers
with the different lengths depending on DPs of amylose chains. The
nanofiber films were constructed by dryness of the alkaline solu-
tions of 3, where arrangements of the fibers were depended on DPs

of amylose chains. The nanofibers were merged further by washing
outalkali to produce the water-insoluble and robust nanofiber films
of 3. Such water-insolubility and highly strength of the resulting
films were superiorly different from the sole NaCMC and amylose,
respectively, and accordingly, are useful properties as the materials
for new applications. The present study provides the morphologi-
cally controlled self-assembly of heteropolysaccharides to produce
new nanofibrillar materials. The resulting nanofiber films are con-
sidered to be bio-compatible and eco-friendly materials because
of consisting of natural polysaccharide resources. We, therefore,
will investigate practical applications of the present materials in
medical, pharmaceutical, tissue materials, and the related research
fields.
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