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ABSTRACT: In the present work, chitin films were fabricated from chitin solution dissolved in 8 wt % NaOH/4 wt % urea aqueous sys-
tems at low temperature by coagulating with heating without using any coagulant. The formation of the chitin films was confirmed to be
an entirely physical process, namely chitin inclusion complex associated with NaOH, urea and water in the solvent was broken by heating,
leading to the aggregation of the chitin chains through the hydrogen bonding. A schematic model was proposed to describe the regenera-
tion mechanism of the chitin, indicating the physical crosslinking and entanglement of the chitin chains to form the films. Glycerol was
used as plasticizer, and with an increase of the glycerol content, the elongation at break (g;) of chitin films increased rapidly from 7.8 to
83.1%, whereas the tensile strength (o) decreased from 89.3 to 51.7 MPa. This work provided a “green” pathway for the researches and

developments of chitin materials. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39538.
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INTRODUCTION

Chitin, poly(f-(1—4)-N-acetyl-p-glucosamine), is the most
abundant natural polymer after cellulose, which mainly occurs as
ordered crystalline microfibrils in exoskeletons of crabs and
shrimps."? Chitin has several useful properties, such as nontoxic-
ity, being odorless, high crystallinity, biocompatibility and biode-
gradability.> Despite its huge annual production and easy
accessibility, chitin still remains as an unutilized biomass resource
primary because of its intractable bulk structure, and thus, only
limited attention has been paid to chitin, principally from its bio-
logical properties.® The microfibrils of chitin consist of nanofib-
ers about 2-5 nm diameter and about 300 nm in length
embedded in a protein matrix, thus various methods have been
developed for preparing chitin nanofibers (or whiskers),” "'
including acid hydrolysis,'*> TEMPO-mediated oxidation," ultra-
sonic technique,'* and electrospining method."> Owing to the
semicrystalline structure of chitin with extensive hydrogen bond-
ing, the cohesive energy density is very high and so it is insoluble
in all usual solvent.'® So far, only a few solvent systems for chitin
have been found, such as, LiCl/N,N—dimethylacetamide,17 NaOH/
urea aqueous solution,'®° CaCl,/MeOH,*" and ionic liquids.***
Although chitin has been blended with other polymer to prepare
materials, for example, hybrid scaffolds composed of ff-chitin and
collagen,® composite gels and films based on chitin and
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cellulose,” and complex beads composed of alginate and carboxyl
chitin,?® the pure chitin materials prepared directly from the chi-
tin solution have been reported scarcely except for our laboratory,
because of the difficult dissolution and regeneration of chitin.

In our laboratory, chitin has been successfully dissolved in 8 wt %
NaOH/4 wt % urea aqueous through freezing/thawing method to
prepare chitin hydrogel,'® aerogel,'® and film.*® However, we
found that the regeneration condition affected the properties of
the chitin materials much. Moreover, the regeneration mecha-
nism of the chitin solution has not been identified clearly. In the
present work, we attempted to use a new way to regenerate the
chitin film without using any solvent but just by the heating
method, and the chitin film was plasticized. Usually, plasticizers
can attract the water molecules, reduce the intermolecular inter-
actions between the biopolymer chains, and increase the flexibil-
ity of films.”” Glycerol is a relatively small polar molecule and
common plasticizer for starch, protein, and other biopolymers.**
*% The plasticized films can be prepared through solution casting
method.” The structure of chitin films were characterized by
Fourier transform infrared (FTIR) spectroscope, solid-state
I3CNMR, X-ray diffraction (XRD), and scanning electron micros-
copy (SEM), and the thermo and mechanical properties were
studied by thermo-gravimetric analysis (TGA), dynamic mechan-
ical analysis (DMA), and tensile testing.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39538


http://www.materialsviews.com/

ARTICLE

Table 1. The Composition and Properties of the Chitin Films
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Code Composition (chitin : glycerol, w/w) Trmaxa CCPP Trmaxz (°C) Ty CCP ap(MPa) £p(%)
CFO 100:0 = 312.3-341.6 = 88.6 7.6
CF1 87.4:12.6 208.9 336.6 52.7 554 34.6
CF2 79.2:20.8 207.8 349.5 453 L3 829

aTemperature at the maximum rate of mass loss was measured by TG. ®Glass transition relaxation temperature was determined by DMA.

EXPERIMENTAL

Materials

Chitin was purchased from Jinke Chitin (Zhejiang, China). The
degree of acetylation (DA) was determined by elemental analysis
to be 0.98, and the weight-average molecular weight (M,,) was
determined to be 3.2 X 10° in 5% (w/v) LiCl/DMAc by
dynamic light scattering (DLS, ALV/GGS-8F, ALV, Germany).
Glycerol, NaOH, and urea were reagent grade without any fur-
ther purification.

Preparation of Chitin Film

To prepare chitin solution, chitin powders were dispersed into 8
wt % NaOH/4 wt % urea/88 wt % water mixture with stirring
for 5 min, and then was stored under refrigeration (—30°C) for
4 h. The frozen solid was thawed and stirred extensively at
room temperature. The freezing/thawing cycles were repeated
three times to obtained a transparent chitin solution with chitin
concentrations of 2 wt %. Subsequently, chitin solution was
transferred into a dish, which was placed into a 50°C oven for 1
h to form a gel. Finally, chitin films were obtained by immers-
ing gels in distilled water to remove residue for 3 days, and
dried in the air. The chitin films prepared without glycerol were
coded as CF0. For plasticization, wet chitin films were
immersed in 2 and 4 wt % glycerol aqueous solution for 1 day
and dried in air. The glycerol content in the films were deter-
mined to be 12.6 and 20.8%, and coded as CFl and CF2,
respectively (Table I).

Characterization

Chitin films were cut into particle-like size after freezing-dried
and then vacuum-dried for 24 h at 50°C before measurements.
The dried films were analyzed in KBr discs by FTIR (Perkin
Elmer Spectrum one, Wellesley, MA). Cross-polarization/mag-
netic angle spinning (CP/MAS) solid-state '’C NMR spectra
were recorded on an Infinity Plus 400 Spectrometer (’C fre-
quency = 100.12 MHz) with a CP/MAS unit at ambient tem-
perature. The spinning rate and the contact time were 5.0 kHz
and 5.0 ms, respectively. Pulse width was 2.10 us, spectral width
50.000 kHz, acquisition time 20.48 ms, and the spectrum accu-
mulated 2000 times. The wide-angle X-ray diffraction (XRD)
pattern of the dried sheets was recorder on a XRD instrument
(XRD-6000, Shimadzu, Japan) with Cu K, radiation (4 = 0.154
nm). XRD data were collected from 20 = 4 to 40° at a scanning
rate 2° min_ " Scanning electron microscope (SEM) was taken
with a Hitachi X-650 microscope (Japan). The chitin films in
both wet and dry state were frozen in liquid nitrogen and
snapped immediately, and then freeze-dried. The fracture
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surface of chitin films were sputtered with gold, and than
observed and photographed.

Measurements of Thermal and Mechanical Properties
Thermo-gravimetric analysis (TGA) of the dry samples (5 mg)
was carried out on a Pyris TGA linked to a Pyris diamond TA
Lab System (Perkin-Elmer) at a heating rate of 10°C min '
from 100 to 500°C under nitrogen atmosphere. Dynamic
mechanical thermal analysis was performed on a dynamic
mechanical analyzer (DMA, TA instrument Q800 series) in ten-
sile mode at a frequency of 1 Hz. Samples were 5 X 1 cm?®
(length X width), and the test temperature ranged from —100
to 100°C with a heating ratio of 4°C min~'. The tensile
strength (0;,) and elongation at break (g;,) of the films (7 X 1
cm?) were measured on a universal testing machine (CMT6350,
Shenzhen SANS Test Machine, Shenzhen, China) with a tensile
rate of 5 mm min ' according to ISO527-3: 1995(E). An aver-
age value from three replicates of each sample was taken.

RESULTS AND DISSCUSION

Structure of Chitin Films

Figure 1(a) shows the FTIR spectra of original chitin film and
chitin films plasticized by glycerol. In the spectra of CFO, two
absorption peaks were observed at 3433 and 3266 cm ™', which
can be assigned to the stretching of —OH groups and —NH
groups in chitin chains, respectively. The split absorbance peaks
at 1660 and 1621 cm™' were attributed to the amide region,
and the absorbance band at 1561 cm™' was corresponded to
the amide II region.’® These results indicated that the spectrum
of the CF0 was in good agreement with that of pure o-chi-
tin.*"** In comparison with native chitin, the spectra of the chi-
tin films plasticized by glycerol (CF1 and CF2) exhibited similar
absorbance peaks, and the peak at 3433 cm™ ' became sharper,
attributing to the increase of —OH groups,”* as a result of the
introduction of glycerol, which lead to the intermolecular
hydrogen bonding between chitin and glycerol. Furthermore,
the absorption bands at 2935 and 2880 cm™' which were
assigned to the asymmetric and symmetric stretching vibration
of —CH,— groups in the films of CF1 and CF2 were enhanced
indicating the existence of glycerol.

The solid-state '>*C NMR spectra for native chitin and chitin
films are presented in Figure 1(b). Signals of eight groups can
be distinguished in the spectra of native chitin: sharp peaks at
174.5 and 23.8 ppm were attributed to carbonyl and methyl car-
bons, respectively; the peaks at 104.8, 83.9, 76.3, 74.5, 61.5, and
56.1 ppm were ascribable to the resonances of C1, C4, C5, C3,
C6, and C2 on the N-acetyl-p-glucosamine unit of chitin,
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Figure 1. (a) FTIR spectrum of chitin films: CF0, CF1, and CF2. (b) Solid state 13C NMR spectra for native chitin, chitin film, and CF2. Insert: ampli-
fied spectra of CF2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

respectively.®® In the spectra of CF0 and CF2, the chemical shifts
of eight carbons in the spectra of CFO were similar to that of
the native chitin, indicating the dissolution and regeneration
process hardly changed the structure of chitin. The signals
assigned to C3 and C5 of the native chitin and regenerated chi-
tin (CF0) existed here as two peaks, indicating the same
a—chitin structure.”>>® Interestingly, the intensities of the eight
carbons of chitin obviously decreased due to the addition of
glycerol in the chitin film. The broad bands between 65 and 55
ppm (in the red circle), including 64.5, 62.4, 61.1, 59.3, and
56.0 ppm, were observed in the spectra of CF2 [see the insert of
Figure 1(b), in the black circle]. These peaks could be assigned
to the carbons of glycerol and chitin (C6, C2). These results
demonstrated that glycerol existed as a plasticizer in the chitin
films, and the broad bands were referred to the strong interac-
tion between glycerol and chitin molecules.

X-ray powder diffraction was performed to monitor the changes
in crystallinity of chitin. Figure 2 shows the X-ray diffraction
patterns of native chitin and the chitin films. All of the chitin
samples showed six diffraction peaks at 20 = 9.3°, 12.6°, 19.2°,
20.4°, 23.3°, and 26.3°, which corresponded to (020), (021),
(110), (120), (130), and (013) planes, respectively, were typical
crystal patterns of a-chitin.'>*” These results further supported
the conclusion from the FT-IR and '>’C-NMR. The intensities of
the chitin films were evidently lost compared with those of the
native o-chitin [Figure 2(b—d)]. In view of these results, the dis-
solution and regeneration were physical process, and the heating
induced the destruction and rearrangement of the hydrogen
bonding of chitin, leading to the formation of regenerated
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chitin films. The crystallinity of the chitin film was lower than
that of native chitin. Moreover, the crystallinity of the chitin
films further decreased after plasticized by glycerol. These results
suggested that hydrogen bonding between the chitin molecules
in the CFl and CF2 was further broken through the strong
interaction between chitin and glycerol.

intensity

5 10 15 20 25 30 35
20 (degree)

Figure 2. XRD patterns of chitin films: (a) native chitin, (b) CFO0, (c)
CFl, and (d) CF2. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 3. A schematic model to describe the transition from the chitin solution (left) to gel (right). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Effects of Heating and Plasticization on the Chitin
Regeneration

It has been reported that the chitin had the similar dissolution
mechanism to cellulose due to their similar structure. Namely,
the urea hydrates can possibly be self-assembled at the surface
of the NaOH hydrogen-bonded cellulose to form a channel
inclusion complex (IC), leading to the good dissolution,'®>*%3°
In the present study, the inclusion complex associated with chi-
tin, NaOH, urea and water led to the chitin dissolution. How-
ever, the chitin inclusion complex could be destroyed by
heating, leading to the chitin gelation through the formation of
new hydrogen bonding networks between the chitin chains.**
A schematic model was proposed to describe the regeneration
mechanism of the chitin solution, as shown in Figure 3.The
inclusion complex associated with chitin, NaOH, urea and water
(Figure 3, left) was broken by heating, so a gel transition of the
chitin complex solution occurred through the physical cross-
linking and entanglement of the chitin chains (Figure 3, right),
supported in Figures 1 and 2. This could be explained that the
chitin inclusion complex was broken at elevated temperature,

leading to the exposing of the chitin —OH groups, which aggre-
gated easily. The aggregation between the chitin molecules
formed the gel sheets, and then became films by drying. In our
findings, it was a “green” way to regenerate the chitin film by
heating at 50°C, because there was not any coagulant such as
organic or inorganic agents. Therefore, the fabrication of the
chitin regenerated by heating was a “green “process.

It is noted that the chitin films prepared by different methods
have different morphologies.” The morphological observation
of chitin films in both wet (freeze-dried) and dried (air-dried)
states were carried out by scanning electron microscopy (SEM).
Figure 4 shows SEM images of the cross sections of the chitin
films by freeze drying. All samples displayed porous structure
which was formed after the sublimation of solid ice during the
freeze-drying process. However, the chitin films with different
glycerol content (CF1 and CF2) exhibited relatively looser struc-
ture than that of CFO without glycerol. SEM images of the cross
sections and surface of the chitin films by air drying are shown
in Figure 5. These films exhibited relatively homogeneous inte-
rior surface (cross section). The surface of chitin films with low

Figure 4. SEM images of the cross sections of chitin films by freeze drying: CFO (a, d), CF1 (b, e), and CF2 (q, f).
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Figure 5. SEM images of the cross sections (top) and surface (bottom) of chitin films dried in the air: CF0 (a, ¢) and CF2 (b, d).

glycerol content (CF2) became relatively rough compared to
that of CFO, but its surface became homogeneous with an
increase of glycerol content. In the view of above results, the
chitin films prepared by air drying had homogenous morphol-
ogy in both cross section and surface on the whole, indicating a
good regeneration and plasticization. These results suggested
that the crystalline structure of chitin was further destructed by
glycerol and the space among chains was increased, which was
supported by the results of SEM and XRD. Clearly, the
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compatibility of chitin and glycerol was good, leading to appro-
priate plasticizing effect.

Thermal and Mechanical Properties of Chitin Films

Figure 6 shows the TG and DTG traces of the chitin films under
nitrogen atmosphere. The thermal degradation behavior of chi-
tin films could be divided into two steps: the evaporation of
residual moisture and plasticizer occurred at 100-250°C ( Tinax1)
and the degradation of chitin appeared at 250-400°C (Tj,ax2)-
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Figure 6. TG and DTG curves of chitin films: (a) CFO, (b) CFl, and (c) CF2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Figure 7. Temperature dependence of the storage modulus (E') (A) and the loss peak (tan J) (B) for chitin films: (a) CF0, (b) CF1, and (c) CF2. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

From the DTG curve of the pure chitin films (CF0), no peak
was observed around T,,.x;. However, the sharp peaks around
Tmaxi in the curves of the glycerol plasticized chitin films and
the area of the peak increased with the increase of the glycerol
content in the chitin films. Therefore, the peaks at T,,.,, could
be assigned to the release of glycerol from the samples. The
pure chitin films showed two T.., values at 314 and 340°C,
which merged into peaks with the incorporation of chitin and
glycerol in glycerol plasticized chitin films.

The thermal and mechanical properties of the chitin films were
characterized by using DMA. The results for the temperature
dependence of the storage modulus (E') and the loss factor (tan
0) of the chitin films are presented in Figure 6. Interestingly,
the storage modulus of chitin films firstly decreased as the tem-
perature increased, and then increased with an increase of tem-
perature. The chitin films had the lowest storage modulus at
around 27, 34, and 52°C for CFO, CF1, and CF2, respectively.
The storage modulus values of chitin films at —100°C increased
from 0.93 to 1.03 GPa with an increase of glycerol content,
proving the enhancement of modulus in plasticized films with
improved compatibility. The glass transition temperature of
viscoelastic materials is considered to depend on the chain stiff-
ness of the polymers and the effectiveness of intermolecular
forces.*!

40 -

Stress (MPa)

20

To analyze the the molecular motion in the chitin films, the
glass transition peaks in tangent  (tan ¢) are shown in Figure
7(b). There was no peak for pure chitin films (CF0) in the tem-
perature range from —100 to 100°C, whereas obvious peaks can
be observed at —52.7 and —45.3°C for CF1 and CF2, respec-
tively. These relaxation peaks could be attributed to the glass
transition relaxation (T), corresponding to the cooperative
motion of the chitin chains and glycerol molecules. The results
further confirmed that the strong hydrogen bonding between
chitin and glycerol existed in the chitin films, leading to the
increase of the chitin chain mobility.

The chitin films plasticized with glycerol (CF2) exhibited flexi-
ble and translucent appearance, as shown in Figure 8(a,b). The
engine oil on the chitin film decreased the light scattering and
as a result, the chitin film polished oil exhibited good light
transparency as shown in Figure 8(b). The stress—strain (o—¢)
curves for the chitin films with different glycerol content are
shown in Figure 8(c). In the case of the pure chitin film (CF0),
the tensile strength (g;,) was 89.3 MPa and elongation at break
(ep) was 7.8%, indicating that CFO was relatively rigid and brit-
tle. The chitin films plasticized with glycerol had lower g, value
but higher €, value, compared with the pure chitin film, indi-
cating that the improvement of the flexibility. The results

CFo0

CF1 CF2

10 20 30 40 50 60 70 80 90
Strain (%)

Figure 8. Photograph of original (a) pure chitin film, (b) pure chitin film polished with engine oil. (c) Stress—strain curves of chitin films: CF0, CF1,

CF2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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revealed that the mechanical behaviors of the chitin films
strongly depended on the introduction of glycerol. The g, val-
ues increased from 7.8 to 83.1%, whereas the o, values of the
chitin films decreased from 89.3 to 51.7 MPa with the increas-
ing glycerol content from 0 to 20.8%. The results indicated the
flexibility of chitin films obviously improved when glycerol was
incorporated into chitin matrices as plasticizer.

CONCLUSION

Chitin films were successfully prepared through dissolving chitin
solution in 8 wt % NaOH/4 wt % urea aqueous system at low
temperature, and then by the physical crosslinking and entangle-
ment of the chitin chains via heating way. The chitin inclusion
complex associated with NaOH, urea and water in the solution
was broken by heating, leading to the aggregation of chitin chains
to form the gel sheets, resulting in the regeneration to give pure
chitin film. Glycerol was used as a plasticizer to be added into the
pure chitin film to improve its flexibility. The homogeneous
structure, relatively high mechanical properties and good misci-
bility of the plasticized chitin films were as a result of the strong
hydrogen bonding interaction between chitin and glycerol. The
regeneration of chitin solution by the heating method without
any organic or inorganic coagulants was a “green” pathway.

ACKNOWLEDGMENTS

This work was supported by National Basic Research Program of
China (973 Program, 2010CB732203), and the National Natural
Science Foundation of China (20474048 and 20874079).

REFERENCES

1. Rinaudo, M. Prog. Polym. Sci. 2006, 31, 603.

2. Kumar, M. N. V. R.;; Muzzarelli, R. A. A.; Muzzarelli, C;
Sashiwa, H.; Domb, A. J. Chem. Rev. 2004, 104, 6017.

3. Junkasem, J.; Rujiravanit, R.; Grady, B. P.; Supaphol, P.
Polym. Int. 2010, 59, 85.

4. Murakami, K.; Aoki, H.; Nakamura, S.; Nakamura, S.-1;
Takikawa, M.; Hanzawa, M.; Kishimoto, S.; Hattori, H.;
Tanaka, Y.; Kiyosawa, T.; Sato, Y.; Ishihara, M. Biomaterials
2010, 31, 83.

5. Maeda, Y.; Jayakumar, R.; Nagahama, H.; Furuike, T;
Tamura, H. Int. J. Biol. Macromol. 2008, 42, 463.

6. Rinaudo, M. Polym. Int. 2008, 57, 397.

7. Cooper, A.; Zhong, C.; Kinoshita, Y; Morrison, R. S;
Rolandi, M.; Zhang, M. J. Mater. Chem. 2012, 22, 3105.

8. Freier, T.; Montenegro, R.; Shan Koh, H.; Shoichet, M. S.
Biomaterials 2005, 26, 4624.

9. Ifuku, S.; Morooka, S.; Norio Nakagaito, A.; Morimoto, M.;
Saimoto, H. Green Chem. 2011, 13, 1708.

10. Ifuku, S.; Saimoto, H. Nanoscale 2012, 4, 3308.

11. Zeng, J.-B.; He, Y.-S.; Li, S.-L.; Wang, Y.-Z. Biomacromole-
cules 2011, 13, 1.

12. Gopalan Nair, K.; Dufresne, A. Biomacromolecules 2003, 4,
657.

13. Fan, Y.; Saito, T.; Isogai, A. Biomacromolecules 2008, 9, 1919.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.
41.

39538 (7 of 7)

Applied Polymer

SCIENCE

Zhao, H.-P; Feng, X.-Q.; Gao, H. Appl. Phys. Lett. 2007, 90,
073112.

Jayakumar, R.; Prabaharan, M.; Nair, S. V.; Tamura, H. Bio-
technol. Adv. 2010, 28, 142.

Pillai, C. K. S.; Paul, W.; Sharma, C. P. Prog. Polym. Sci.
2009, 34, 641.

Austin, P. R. In Methods in Enzymology; Willis A. Wood, S.
T. K. Eds.; Academic Press, New York, 1988.

Ding, B.; Cai, J.; Huang, J.; Zhang, L.; Chen, Y.; Shi, X.; Du,
Y.; Kuga, S. J. Mater. Chem. 2012, 22, 5801.

Chang, C; Chen, S.; Zhang, L. J. Mater. Chem. 2011, 21,
3865.

Duan, B.; Chang, C.; Ding, B.; Cai, J.; Xu, M.; Feng, S.; Ren, J.;
Shi, X.; Du, Y.; Zhang, L. J. Mater. Chem. A 2013, 1, 1867.

Tamura, H.; Nagahama, H.; Tokura, S. Cellulose 2006, 13,
357.

Wu, Y.; Sasaki, T.; Irie, S.; Sakurai, K. Polymer 2008, 49,
2321.

Prasad, K.; Murakami, M.-a.; Kaneko, Y.; Takada, A.; Naka-
mura, Y.; Kadokawa, J.-1. Int. J. Biol. Macromol. 2009, 45, 221.

Lee, S. B.; Kim, Y. H,; Chong, M. S.; Lee, Y. M. Biomaterials
2004, 25, 2309.

Takegawa, A.; Murakami, M.-a.; Kaneko, Y.; Kadokawa, J.-1.
Carbohydr. Polym. 2010, 79, 85.

Shi, X.-W,; Du, Y.-M.; Sun, L.-P; Yang, J.-H.; Wang, X.-H.;
Su, X.-L. Macromol. Biosci. 2005, 5, 881.

Zhang, Y.; Han, J. H. J. Food Sci. 2006, 71, E253.
Zhang, X.; Do, M. D. Carbohydr. Res. 2009, 344, 1180.

Pommet, M.; Redl, A.; Morel, M.-H.; Guilbert, S. Polymer
2003, 44, 115.

Gillgren, T.; Barker, S. A; Belton, P. S.; Georget, D. M. Ry
Stading, M. Biomacromolecules 2009, 10, 1135.

Ifuku, S.; Nogi, M.; Abe, K.; Yoshioka, M.; Morimoto, M.;
Saimoto, H.; Yano, H. Biomacromolecules 2009, 10, 1584.

Yamaguchi, Y.; Nge, T. T.; Takemura, A.; Hori, N.; Ono, H.
Biomacromolecules 2005, 6, 1941.

Jang, M.-K.; Kong, B.-G.; Jeong, Y.-I; Lee, C. H.; Nah, J.-W.
J. Polym. Sci. Part A: Polym. Chem. 2004, 42, 3423.

Michell, A.; Higgins, H. Cellulose 1999, 6, 89.

. Heux, L.; Brugnerotto, J.; Desbrieres, J.; Versali, M. E;

Rinaudo, M. Biomacromolecules 2000, 1, 746.

Tanner, S. E; Chanzy, H.; Vincendon, M.; Roux, J. C; Galill,
F. Macromolecules 1990, 23, 3576.

Wada, M.; Saito, Y. J. Polym. Sci. Part B: Polym. Phys. 2001,
39, 168.

Cai, J.; Zhang, L.; Liu, S;; Liu, Y.;; Xu, X.; Chen, X.; Chu, B;
Guo, X.; Xu, J.; Cheng, H.; Han, C. C,; Kuga, S. Macromole-
cules 2008, 41, 9345.

Li, R;; Zhang, L.; Xu, M. Carbohydr. Polym. 2012, 87, 95.
Cai, J.; Zhang, L. Macromol. Biosci. 2005, 5, 539.

Yang, B. Y,; Ding, Q.; Montgomery, R. Carbohydr. Res. 2009,
344, 336.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39538



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

