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a  b  s  t  r  a  c  t

The  solution  plasma  system  was  introduced  to treat  chitosan  solution  in order  to  prepare  low  molecular
weight  chitosan.  The  plasma  treatment  time  was  varied  from  0 min  to 300  min.  The  plasma-treated  chi-
tosan  was  characterized  including  viscosity,  molecular  weight  by GPC,  and  chemical  characteristics  by
FT-IR. The  results  showed  that  after treated  with  plasma  for  15–60  min,  the  viscosity  of  chitosan  solution
and  apparent  molecular  weight  of chitosans  were  remarkably  decreased,  compared  to  those  of  untreated
sample.  Longer  treatment  time  had  less  effect  on  both  viscosity  and  molecular  weight  of  samples.  Even-
olution plasma
hitosan
hitooligosaccharide

tually,  long  treatment  time  (≥180  min)  showed  no  influence  on both  viscosity  and  apparent  molecular
weight.  This  suggested  that  the  degradation  process  of  chitosan  occurred  during  plasma  treatment.  FT-
IR analysis  revealed  that  chemical  structure  of  chitosan  was  not  affected  by solution  plasma  treatment.
TOF-MS  results  showed  that  chitooligosaccharides  with  the  degree  of polymerization  of 2–8  were  also
generated  by  solution  plasma  treatment.  The  results  suggested  that  solution  plasma  system  could  be  a
potential  method  for  the  preparation  of low  molecular  weight  chitosan  and  chitooligosaccharides.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Chitosan, linear heterocopolymers of �-1,4-linked 2-amino-
-deoxy-D-glucopyranose (GlcN) and 2-acet-amido-2-deoxy-D-
lucopyranose (GlcNAc) units, is derived from chitin by deacty-
ation process. Due to many unique properties such as biocom-
atibility, biodegradability, and bioactivity, chitosan is widely
sed in many applications such as food processing, pharmaceu-
ics, and cosmetics (Dodane & Villivalam, 1998; Jayakumar, Nwe,
okura, & Tamura, 2007; Jayakumar, Menon, Manzoor, Nair, &
amura, 2010; Jayakumar, Prabaharan, Sudheesh Kumar, Nair, &
amura, 2011; Kumar, 2000; Li et al., 2005; Shahidi, Arachchi,

 Jeon, 1999). Many studies have reported that the molecular
eight of chitosan could greatly affect its biological proper-

ies. Kittur, Vishu Kumar, and Tharanathan (2003) reported that
ow molecular weight chitosan (LMWC) with weight average

olecular weight (Mw) in the range of 5000–10000 Da showed
uperior biological properties, compared to that high molecular
eight chitosan (HMWC). Tangsadthakun et al. (2007) showed that
MWC  (Viscosity-averaged molecular weight (Mv) ∼ 74000 Da)
as more effective to promote the proliferation of mouse fibro-

last than HMWC  (Mv ∼ 880000 Da). In addition, Ratanavaraporn,

∗ Corresponding author. Tel.: +66 2 2186862; fax: +66 2 2186877.
E-mail address: siriporn.d@chula.ac.th (S. Damrongsakkul).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.11.055
Kanokpanont, Tabata, and Damrongsakkul (2009) found that very
low molecular weight chitooligosaccharide (COS, Mw < 10 kDa)
was shown to be a more favorable material for the growth and
osteogenic differentiation of both adipose-derived stem cell and
bone marrow-derived stem cell, compared to high molecular
weight chitosan. Therefore, low molecular weight chitosan and chi-
tooligosaccharide were served as potential materials for biomedical
applications.

Several methods, including chemical treatment, enzymatic
treatment, and radical treatment, have been suggested to prepare
LMWC  and COS (Chang, Tai, & Cheng, 2001; Xie, Hu, Wei, & Hong,
2009). Chemical treatment is an easy and low cost process. How-
ever, chemical waste and contamination are the main problems.
Enzymatic treatment is an effective way to achieve the specific
cleavage to COS. This process is very complicate and inconvenient
for large-scale production, since it requires multi-steps, particularly
enzyme preparation and product purification. For radical treat-
ment, the degradation process of chitosan was performed by free
radical such as hydroxyl radical, generated by hydrogen peroxide
(Chang et al., 2001). However, the removal of hydrogen peroxide
must be required.

Solution plasma is a new plasma system which has been

proposed by Takai (2008).  It is liquid-phase plasma which has
been widely utilized in nanomaterial synthesis, surface modifica-
tion, water treatment, sterilization, and decomposition of organic
compound (Takai, 2008). This system is able to produce highly

dx.doi.org/10.1016/j.carbpol.2011.11.055
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:siriporn.d@chula.ac.th
dx.doi.org/10.1016/j.carbpol.2011.11.055
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ctive species such as hydroxyl radical (OH•), hydroperoxyl radi-
al (HO2

•), free electron (e−), superoxide anion (O2
−), and atomic

xygen anion (O−) (Potocký, Saito, & Takai, 2009). Since solution
lasma does not involve any chemical reagents, the removal of
hemical residue is not required. Therefore, in this study, the solu-
ion plasma was first introduced to treat chitosan solution in order
o investigate the effects of solution plasma on the preparation of
ow molecular weight chitosan. Characteristics of chitosan, includ-
ng viscosity, molecular weight, and chemical components were
nvestigated.

. Materials and methods

.1. Materials

Shrimp shell chitosan with the degree of deacetylation and aver-
ge molecular weight of 95% and 2.1 × 105 Da, respectively, was
btained from Seafresh Chitosan Co. Ltd., Thailand.

.2. Solution plasma setup

The solution plasma system reported by Takai (2008) was set
p as shown in Fig. 1. The pulsed electric discharge was  gener-
ted between two needle electrodes, made of tungsten, using a high
requency bipolar pulsed DC power supply. The two  electrodes, of
hich the distance is 0.2 mm,  are set inside a glass reactor where
olymer solution is filled. Once the power is applied, the plasma
as generated.

.3. Solution plasma treatment of chitosan solution

Chitosan powder was dissolved in 1 M acetic acid to obtain 1%
/v chitosan solution and filled in the glass reactor. The solu-

ion plasma was produced at the fixed frequency, voltage and
ulse width of 15 kHz, 1.6 kV and 2 �s, respectively. During plasma
reatment, the temperature of chitosan solution was controlled at
5–30 ◦C. The treatment time of solution plasma was  varied in the
ange of 0–300 min. The obtained chitosan after treatment were
haracterized as described in Section 2.4.  In addition, the precipi-

ate of chitosan solution treated with solution plasma for 300 min
as collected by adjusting the pH of plasma-treated solution to 7
sing NaOH. The first precipitate was then removed by centrifu-
ation at 5000 rpm for 30 min. The supernatant was  mixed with

Fig. 2. The viscosity of untreated and plasma-treated chitosan solution 
Fig. 1. Schematic diagram of solution plasma system.

equal volume of acetone to give a second precipitate. The second
precipitate was dried prior to characterization using a matrix-
assisted laser desorption time-off-flight mass spectrometer
(MALDI-TOF-MS, Bruker, USA).

2.4. Characterization of plasma-treated chitosan

2.4.1. Viscosity measurement
The viscosities of plasma-treated and untreated chitosan solu-

tions were determined at 25 ◦C using a viscometer (Vibro SV-100,
Japan).

2.4.2. Determination of apparent molecular weight (Mapp)
The apparent molecular weight of plasma-treated and untreated

chitosan solution were characterized by Gel Permeation Chro-
matography (GPC, Water 600E, Waters, USA). The concentration
of chitosan solution was  0.4 mg/ml. Eluent and chitosan sam-

ple solutions were filtered through 0.45 �m Millipore filters.
The flow rate was maintained at 0.6 ml/min. The pullulans (Mw

5900–708,000 Da) were used as standard samples.

(1% chitosan solution and pH 3.7) as a function of treatment time.
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Table  1
The kinetic parameter of degradation process of chitosan by solution plasma.

Treatment time (min) Viscosity (v) (mPa s)  ̨ −ln(1 − ˛)

0 30.47 0.0000 0.0000
15 21.77 0.3222 0.3889
30 16.07 0.5333 0.7620
60  9.81 0.7650 1.4480
90 7.53 0.8494 1.8931

120  6.03 0.9048 2.3521
150  5.17 0.9367 2.7595
180  4.38 0.9661 3.3830
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210 3.73 0.9902 4.6303
240  3.55 0.9968 5.7417
300 3.46 1.0000 6.9204

.4.3. Chemical analysis
The plasma-treated and untreated chitosan solutions were

asted and air-dried to form thin films with the thickness of
10 ± 20 �m.  The chemical analysis of the obtained films was then
haracterized using FT-IR spectroscopy (Digilab, FTS 7000 Series,
SA).

. Results and discussion

In this study, the solution plasma system was introduced to
reat chitosan solution. Fig. 2 shows the viscosity of plasma-treated
nd untreated chitosan solution. It was observed that the viscos-
ty of chitosan solution after plasma treatment was  continuously
ecreased as increasing the treatment time. During the first 60 min
f treatment, the viscosity was sharply decreased by 67%. After that

 slow decrease in viscosity was noticed until the treatment time
eached 180 min. Further solution plasma treatment longer than
80 min  seemed to have no effect of the viscosity of chitosan solu-
ion. According to the result of viscosity reduction, the rate constant
f the reaction (k) could be determined. The studied reaction was
seudo-monomolecular and seemed to be first order. The kinetic
quation was evaluated as follows:

d˛

dt
= k(1 − ˛(t)) (1)

here k is rate constant and  ̨ is the degree of conversion which
as presented as follows:

 = (vi − vt)
(vi − vf )

(2)

here vi is the initial viscosity, vt is the actual viscosity at the cor-
esponding time, and vf is the finally viscosity. The values of kinetic
arameters were summarized in Table 1. In order to determine the
ate constant, the time dependence of −ln(1 − ˛) was  plotted. The
esults showed that the viscosity decreasing of chitosan solution
y solution plasma at 25 ◦C was a first order reaction with the rate
onstant of 0.0225 min−1.
Considering on the apparent molecular weight of chitosan
btained from GPC, shown in Table 2. The apparent molecu-
ar weight of untreated chitosan (2.1 × 105 Da) was markedly
ecreased to 6.2 × 104 Da after treated with plasma for 30 min. After

able 2
olecular weight of plasma-treated and untreated chitosan solution determined by
PC.

Samples Treatment time
(min)

Mapp (Da) Polydispersity
(Mapp/Mn)

t-0 0 2.1 × 105 4.1
t-30 30 6.2 × 104 2.7
t-60 60 5.6 × 104 2.7
t-180 180 2.9 × 104 2.7
t-300 300 3.2 × 104 2.7
olymers 87 (2012) 2745– 2749 2747

treated with plasma for 180 min, the apparent molecular weight
of treated chitosan was  at 2.9 × 104 Da. The apparent molecular
weight remained consistent, when the solution plasma was  treated
longer than 180 min. This corresponded to the result on the viscos-
ity of chitosan. This suggested that chitosan was degraded during
plasma treatment. This could be attributed to the free radical such
as hydroxyl generated by plasma treatment caused the degrada-
tion process of chitosan. The hydroxyl radical could be performed
during solution plasma treatment by the reaction of oxygen radical
and water (Baroch, Anita, Saito, & Takai, 2008).

O• + H2O → 2OH• (3)

As previously reported by Chang et al. (2001) the hydroxyl radi-
cals subsequently broke the �-1-4 glycosidic linkage and decreased
the molecular weight of chitosan. They proposed the degradation
mechanism of chitosan as follows:

(4)

(5)

where m and n represented the number of glucosamine residue.
The degradation process of chitosan occurred during solution

plasma treatment, resulting in low molecular weight chitosan.
However, after treated with plasma longer than 180 min, the vis-
cosity and apparent molecular weight of chitosan seem to be
consistent. This corresponded to the results of the kinetic analysis
of the data, i.e. 1/Mw versus treatment time plot, as shown in Fig. 3.
The kinetic analysis implied that after treated with solution plasma
longer than 180 min, the degradation rate constant seems to be con-
sistent. This might be the result from the �-chitosan structure of
the sample. The �-chitosan is known to have poor reactivity due to
its rigid crystalline structure (Takai et al., 1992). This could inhibit
the degradation process of chitosan caused by plasma treatment,
resulting in constant viscosity and apparent molecular weight of
plasma-treated chitosan.

The FT-IR spectra of plasma-treated and untreated gelatin sam-
ples were shown in Fig. 4, demonstrated the characteristic peaks of
chitosan films at 1650, 1575 and 1152 cm−1, which corresponded
to C O stretching, –NH2 bending, and –C–O–C– glycosidic linkage
between chitosan monomer, respectively (Tangsadthakun et al.,
2007). After treated with solution plasma, the characteristic peaks
of chitosan remained unchange. This indicated that the degrada-
tion process of chitosan caused by plasma treatment only had an

effect on the molecular weight not on the chemistry component of
chitosan.

Not only the preparation of LMWC  was observed by solution
plasma treatment, COS was  also obtained. After the plasma-treated
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Fig. 3. The change of apparent molecular weight of chitosan as a function of plasma treatment time.

Fig. 4. FT-IR spectra of untreated and plasma-treated chitosan films for various treatment time.

Fig. 5. TOF-MS of the second precipitate of plasma-treated chitosan.
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hitosan solution was second precipitated by acetone, the obtained
ample characterized by MALDI-TOF-MS (Fig. 5), showed that the
roduct was mainly composed of chitooligosaccharides with the
egree of polymerization (DP) 2–8 (Xie et al., 2009). This revealed
hat the solution plasma system could be used to prepare both
MWC  and COS.

. Conclusion

In this study, the solution plasma system was  first introduced
o treat chitosan solution. The viscosity and apparent molecu-
ar weight of plasma-treated chitosan solution was decreased

ith increasing plasma treatment time, compared to that of
ntreated sample. The degradation process of chitosan caused by
lasma treatment only had an effect on the molecular weight
ut not on the structure of chitosan. We  have shown that solu-
ion plasma system could be employed to produce both LMWC
nd COS. The plasma conditions, such as plasma power and
requency, for high efficiency of production would be further
nvestigated.

cknowledgements

The financial supports from The Royal Golden Jubilee Ph.D. Pro-
ram, Thailand Research Fund, Chulalongkorn University through
he Ratchadaphiseksomphot Endowment Fund, and Chulalongkorn
niversity Centenary Academic Development Project are gratefully
cknowledged.
eferences

aroch, P., Anita, V., Saito, N., & Takai, O. (2008). Bipolar pulsed electrical discharge
for decomposition of organic compounds in water. Journal of Electrostatics, 66,
294–299.
olymers 87 (2012) 2745– 2749 2749

Chang, K. L. B., Tai, M.  C., & Cheng, F. H. (2001). Kinetics and products of the degrada-
tion of chitosan by hydrogen peroxide. Journal of Agricultural and Food Chemistry,
49,  4845–4851.

Dodane, V., & Vilivalam, V. D. (1998). Pharmaceutical applications of chitosan. Phar-
maceutical Science and Technology Today,  1(6), 246–253.

Jayakumar, R., Menon, D., Manzoor, K., Nair, S. V., & Tamura, H. (2010). Biomed-
ical  applications of chitin and chitosan based nanomaterials: A short review.
Carbohydrate Polymers, 82(2), 227–232.

Jayakumar, R., Prabaharan, M.,  Sudheesh Kumar, P. T., Nair, S. V., & Tamura, H.
(2011). Biomaterials based on chitin and chitosan in wound dressing applica-
tions. Biotechnology Advances, 29(3), 322–337.

Jayakumar, R., Nwe, N., Tokura, S., & Tamura, H. (2007). Sulfated chitin and chitosan
as  novel biomaterials. International Journal of Biological Macromolecules, 40(3),
175–181.

Kittur, F. S., Vishu Kumar, A. B., & Tharanathan, R. N. (2003). Low molecular weight
chitosans-preparation by depolymerization with Aspergillus niger pectinase, and
characterization. Carbohydrate Research, 338(12), 1283–1290.

Kumar, M.  N. V. R. (2000). A review of chitin and chitosan applications. Reactive and
Functional Polymers, 46(1), 1e27.

Li, J., Du, Y., Yang, J., Feng, T., Li, A., & Chen, P. (2005). Preparation and characterization
of  low molecular weight chitosan and chito-oligomers by a commercial enzyme.
Polymer Degradation and Stability, 87,  441–448.
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