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Abstract
α- and β-chitosan with molecular weight of 190,000 and 800,000 respectively,
were depolymerized by e-beam irradiation with various doses. The radiation
yield of scission (Gs) and degradation rate of the chitosans were identified.
The synergistic chemical degradation in the presence of hydrogen peroxide is
more effective at lower doses. Mw of β-chitosan was dramatically decreased
from 800,000 to 21,030 at the irradiation dose 5 kGy, on the other hand, that
of α-chitosan was decreased much more gradually from 190,000 to 36,000.
The values of Gs at 10 kGy in the solution without H2O2 and with H2O2 were
respectively 6.09 × 10−5 mol/cal and 30.6 × 10−5 mol/cal for α-Chitosan, and
8.18 × 10−5 mol/cal and 43.8 × 10−5 mol/cal for β-chitosan. It was obviously
effective on depolymerization by using the combination of e-beam and
H2O2. α-Chitosan molecules are likely to adopt a diffuse conformation in
the solution and make the different morphologies depending on the concentration.

Keywords
α- and β-Chitosan, Conformation, Depolymerization, e-Beam Irradiation,
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1. Introduction
Chitosan which is composed of a copolymer of N-acetylglucosamine and glucosamine is a linear polysaccharide composed of randomly distributed β-(1→4)linkage, deacetylated unit and acetylated unit. The amine group mainly exists in
the form of NH3+, making it a charged polycation in the chitonsan molecule,
which was reported to have either a rigid rod-type structure. The different molecular conformations of α- and β-chitosan inﬂuence their antibacterial mechanDOI: 10.4236/jbm.2019.710007
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isms, such as the interactions between the protonated amino groups of chitosan
and the negatively charged bacterial cell membranes [1] [2] [3].
The low solubility of chitosan exerts its limitation in use, especially in medicine and food science. To overcome the shortcoming, several researchers have
attempted to reduce the molecular weight of chitosan with various chemicals
such as enzymes, acids, and hydrogen peroxide [4]-[8]. Furthermore, depolymerization by high energy beam radiation has been recently investigated, since this
technique provides a useful tool to separate oligo-chitosans without the need of
additional processing [4] [5]. However, less attention has been paid to study on
electron beam (EB) irradiation [6] [7] [8]. An EB can provide faster processing
than a gamma ray [7] from 60Co to irradiate the same radiation doses. It is also
not needed to concern the radioactive waste disposal. As we previously described
[8], hydrogen peroxide was found to have a synergistic effect in the process of
EB-depolymerization of polysaccharides. The combined H2O2/EB process for
depolymerization of polysaccharide is based on the formation of a reactive hydroxyl radical due to the dissociation of hydrogen peroxide in the presence of

e-beam. Generally, chitosan is a charged polycationic molecule and which is reported to have either a rigid rod-type structure. Thus, it can be expected that
chitosan can be applied to specific areas as long as the conformation of the molecule is correctly identified. Characteristics of chitosan in solubility and structure of the molecular chain vary according to the factors such as collection origin, processing method, degree of deoxidation and amine distribution [9] [10]
[11] [12].
Physical characteristics, such as inherent viscosity and Mark-Houwink (MH)
coefficients, are closely related to polymer chain conformation. The dependence
of intrinsic viscosity on molecular weight provides information on the conformation and extension of polymers. The simple MH Equation (1) expressing this
fact is given by:

ln
=
[η ] ln [ K ] + a ln M v 

(1)

where K and a are empirical constants that are valid for a specific polymer-solvent
pair within one to two orders of magnitude of molecular weight [13] [14] and Mv
is the viscosity average of the molecular weight. The so-called Mark-Houwink
constants K and a depend upon the kind of polymer, solvent and the temperature used during the viscosity measurement. The plot of the ln[η] vs. ln[M] typically gives a straight line with slope a and intercept ln[K]. The slope, a , can vary
from 0 (compact sphere) over 0.65 - 0.85 (random coil) to 2.0 (very rigid rod
chain) revealing information about the polymer conformation in solution.
Conformation of polymers in solution influences strongly macroscopic polymer
effects like viscosity.
The conformational studies are essential to control the rheological properties
of polymer solutions for semi-flexible and stiff polymer design employed in industries such as pharmaceutical, food and cosmetics. Generally, conformation of
polymers is a function of its molecular weight, chain flexibility, solvent properDOI: 10.4236/jbm.2019.710007
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ties, etc. The different intra- and inter-molecular behaviors between α- and

β-chitosan could alter the chitosan conformations in the solution, hence, the
physical properties of α-chitosan are different from those of β-chitosan in solubility, reactivity, and swelling ability.
In this paper, the depolymerization of chitosan by means of high energy irradiation with various doses in H2O2 solution was conducted using an electron
beam as an irradiation source. We will discuss the conformation of α- and

β-chitosan depoloymerized by EB irradiation with/without hydrogen peroxide
using a recent advancement in the analysis of the molar mass and size dependencies of radiation yield of scission and the MH coefficients [15].

2. Experimental
To prepare the 1 wt% of α-chitosan (av. Mw; 190,000 g/mol, ChitoLife Co. Ltd.,
Korea) and β-chitosan (800,000 g/mol, ChitoLife Co. Ltd., Korea) solution, 1%
lactic acid aqueous solution was used as a solvent. The α- and β-chitosan solution were irradiated with electron beam in sealed state with or without hydrogen
peroxide. The radiation yield of scission Gs (mol/J) of depolymerized chitosan
was calculated by irradiating with 0, 5, 10, 20, 30, 40 kGy at 2.5 MeV energy using E-beam process system (EB Tech, Korea). The electron beam irradiated chitosan solution was precipitated in ethanol, filtered or centrifuged, washed with
ethanol, and then dried for analysis. The molecular weight of depolymerized
chitosan was determined by GPC-MALLS (WYATT Technology Corporation,
Detector-MALLS: DAWN EOS-RI: OPTILAB DSP). Intrinsic viscosities of depolymerized chitosan were measured by using Ubbelohde viscometer at 35˚C
and the inherent viscosity (ηinh) was measured at concentrations of 1.0, 0.5, and
0.25 mg/ml. The morphology of depolymerized chitosan was investigated by
TEM with FE-SEM (JEOL, JSM840A), and particle size and zeta potential
(ELSZ-2000) were measured.
The radiation yield of scission of chitosan (Gs) was determined in connection
with concentrations of chitosan solution. Polymer degradation can be expressed
in terms of molecular weight reduction due to polymer chain scission and its efficiency can be estimated by radiation yield of scission Gs (mol/J) [16]. The Gs of
chitosan by e-beam irradiation was calculated by the following Equation (2).
=
Gs

2c  1
1 
−


D ⋅ d  Mw M0 

(2)

where Gs is radiation yield of scission (mol/J), D; absorbed dose (Gy), d; solution
density (kg/dm3), c; polymer concentration (g/dm3), Mw, Mo; weight-average
molecular weight of polymer after and before irradiation respectively. The intrinsic viscosities were determined as the average of extrapolating both ln (ηsp/c)
and [c] to zero concentration. The particle size, size distribution and zeta potential of particles were measured by Zetasizer (Malvern Instruments, UK), based
on the dynamic light scattering technique. SEM (Scanning Electron Microscope)
and TEM (Transmission Electron Microscope) were used for the observation of
DOI: 10.4236/jbm.2019.710007
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the aggregation of chitosan depolymerized. For MH plot to avoid any accidentally
occurrence of aggregated material we started to filter the sample solutions carefully. The morphological examination of samples was conducted using SEM and
BIO-TEM (Tecnai G2 spirit Biotwin, FEI, Portland, USA) using an acceleration
tension of 100 kV. The diluted samples were placed on carbon coated copper
grid for TEM observation.

3. Results and Discussion
The chitosans in different conformation were depolymerized by e-beam irradiation in hydrogen peroxide aqueous solution. Table 1 & Table 2 and Figure 1
display the plots of MH equations for α- (Figure 1(a) and Figure 1(c)) and

β-chitosan (Figure 1(b) and Figure 1(d)). As illustrated, the molecular weights
of the chitosans were decreased rapidly with increasing irradiation dose up to 20
kGy in both the α- and β-chitosan solutions under the condition without H2O2
(Figure 2(a) and Figure 2(b)), and then gradually leveled off as the dose increased. This pattern may be attributed to the fact that the drastic depolymerization occurs in amorphous region in the beginning, and the slow depolymerization at higher doses occurs in crystalline regions. Similar results were also reported at other irradiated polysaccharides [4] [17].
Table 1. Molecular weight (Mw) and intrinsic viscosity of depolymerised Chitosan.
α-Chitosan

β-Chitosan

Dose
(kGy)

M w*

ln[η]a

M w*

ln[η]a

0

190,000

5.220

800,000

6.892

5

36,000

5.030

21,030

4.854

10

28,470

4.879

23,910

5.204

20

4950

3.172

7470

-

30

5530

-

8270

4.323

40

5520

3.539

7020

-

*Measured by GPC-MALLS, athe intrinsic viscosity was evaluated by Equation (1).

Table 2. Specific viscosities (ηspc) of depolymerised α-Chitosan at different concentration.

DOI: 10.4236/jbm.2019.710007

Dose
(kGy)

Mw

0

ηspc of α-Chitosan at different concentration (mg/ml)
1.0

0.5

0.25

190,000

0.1339

0.0755

0.0441

5

36,000

0.0777

0.0461

0.0348

10

28,470

0.0756

0.0296

0.0318

20

4950

0.0213

0.0058

0.0113

30

5530

0.0192

0.0388

0.0191

40

5520

0.0294

0.0127

0.0091
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250

1200

(a)

ηspc/C

150

(b)
Mw; 800000

185.1804
1000

152.8519

984.3730

Mw;190,000

ηspc/C

200

131.4299
Mw;28,470

100

200

Mw; 36,000

182.0003

83.0837
50

Mw;5,530

34.4446

Mw;21030

75.4330

23.8638
0
0.0000

Mw; 23910

128.2068

0.0002

0.0004

0.0006

0.0008

0.0010

Mw; 8270

0
0.0000

0.0012

0.0002

0.0004

Concentration(g/ml)

6

(c)

0.0008

8

(d)

Mw=7400
a=0.2358

0.0012

β−Chitosan MHS

6

4

a=0.5479

ln[η]

ln[η]

0.0010

Concentration(g/ml)

α−Chitosan MHS

5

0.0006

3

2

2

a=3.3481

1

4

lnK=2.4316
K=11.377

0

lnK=-0.5237, K=0.5923

0
0

2

4

6

8

10

12

14

0

2

4

ln Mw

6

8

10

12

14

16

ln Mw

Figure 1. Intrinsic viscosity of (a) α- and (b) β-Chitosan and MHS plots of (c) α- and (d)
β-Chitosan.
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5
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(d)
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Gs(mo/J)X105
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Dose(kGy)

40

60
without H2O2

40

with H2O2

20

20

0

0
0

10

20

Dose(kGy)

30

40

0

10

20

30

40

Dose(kGy)

Figure 2. Molecular weight vs. dose of (a) α- and (b) β-Chitosan and Gs of (c) α- and (d)
β-Chitosan.
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ln[η] was plotted against ln[Mw] and the MH exponent, “a ” values were evaluated for the α-chitosan in various concentrations (Figure 1(c)). ln[η] of the
α-chitosans whose molecular weights are 7400 or higher increased slightly with
increasing molecular weight, it gave 0.236 in MH value, a. Whereas ln[η] of
α-chitosan whose molecular weights were lower than 7400 showed a pronounced
increase of 1.854 in slope. It means that compact sphere changes to very rigid
rod chain in the solution at around Mw 7400. This indicates that molecular
weight-induced conformational transition occurred in this Mw range. On the
other hand, the a for β-chitosan was 0.548 which means random coil in its conformation.
Several reports suggested that irradiation-induced scissions of glycosidic bonds
of chitosan caused an inconsistent reduction in molecular weight of the polymers in different conformation [18] [19]. As shown in Table 1, the molecular
weight of β-chitosan was dramatically decreased from 800,000 to 21,030 at the
irradiation dose 5 kGy, on the other hand, that of α-chitosan was decreased
much more gradually from 190,000 to 36,000. That means that synergistic degradation in the presence of hydrogen peroxide is rather effective at low doses
such as around 5 kGy. It is well known that chitin has two forms, named α and β
chitin, in which α-chitin is very stable with intra-chain and inter-sheet hydrogen
bonds from the antiparallel sheets along with c-axis in orthorhombic cell, while
β-chitin has no hydrogen bonds between two inter-sheets owing to their parallel
directions [18] [19] [20].
Kurita reported [21] that α-chitin is more rigid and more crystalline and can
be less susceptible to deacetylation compared to β-chitin. Therefore, the polymeric structures of chitosan deacetylated from different forms of chitin may not
be identical and β-chitosan can have higher solubility with less crystallinity, thus
providing much higher radiation susceptibility than α-chitosan. In order to estimate the radiation sensitivity of the α- and β-chitosan molecules in the presence or absence of H2O2, the radiation yield of scission Gs were calculated (Table
3 and Figure 2(c) and Figure 2(d)) in the range from 0 to 40 kGy. The results
showed that the depolymerization of chitosan by e-beam irradiation was much
faster in the solution with H2O2, than in that without H2O2 up to 20 kGy (Figure
3). It was obvious that the rate of chitosan molecular weight decreased by the
combination of e-beam and H2O2 was much higher than that by e-beam irradiation alone. This result showed that the synergistic effect for degradation of chitosan with e-beam and H2O2 gained the most effective outcome, especially at the
lowest absorbed dose studied of 5 kGy. In both cases, Gs increased dramatically
at 5 kGy and then decreased gradually. The values of Gs at 10 kGy in the solution
without H2O2 and with H2O2 were 6.09 × 10−5 mol/cal and 30.6 × 10−5 mol/cal
respectively for α-Chitosan, and 8.18 × 10−5 mol/cal and 43.8 × 10−5 mol/cal for
β-chitosan. It means that it was obvious that the rate of chitosan molecular
weight decreased by the combination of e-beam and H2O2 was much higher than
that by e-beam irradiation alone as mentioned above. The chain scission yield,
Gs seems to be greatly influenced by the presence of H2O2 in both chitosan soluDOI: 10.4236/jbm.2019.710007
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tions. One Gs value obtained by other authors for chitosan irradiated in aqueous
solution with molecular weight of 100 kDa was 0.382 × 10−7 mol/J [22]. The radiation depolymerization yield in chitosan solution is strongly influenced by the
presence of hydrogen peroxide, initial molecular arrangement and irradiation
conditions such as crystallinity, moisture content, radiation dose [7] [23] [24].
The observation from electron microscope (SEM and TEM) revealed information on the shape and size of the particles. The irradiations of the α-chitosan
gave the individual spherical shape. On the other hand, it was difficult to identify
the irradiated β-chitosan as a spherical shape. The α and β-chitosan particles in
these samples were found in variable shapes (Figure 4 & Figure 5). To investigate the effect of radiation dose and concentration of chitosan during irradiation
on the size and size distribution of aggregates, the aggregates from SEM and
TEM images were randomly collected and determined for all irradiation conditions. The result indicated that both factors influenced not only aggregate shape
but also aggregate size (Figure 4) as well as size distribution (Figure 6). The size
distribution plots in Figure 6 clearly show that the e-beam irradiation gave chitosan particles with very narrow size distribution when compared to the original
one. The present experimental plots prove that aggregate size distribution is
possibly controlled by using e-beam irradiation. Radiation seems to influence
the particle size over an extended radiation dose period as observed on the
left-shift in the distribution plot. The relationship between radiation dose and
aggregate size as shown in Table 4 and Figure 6 confirmed that the higher the
radiation dose, the bigger the aggregate size. This is inconsistent with nanoparticles formed from chitosan by high energy irradiation [4] [5] [6] [24].
Table 3. Gs of depolymerised Chitosan with/without hydrogen peroxide.
α-Chitosan

β-Chitosan

Dose
(kGy)

Without H2O2

With H2O2

Without H2O2

With H2O2

Gs (×105)

Gs (×105)

Gs (×105)

Gs (×105)

0

0.0000

0.0000

0.0000

0.0000

5

9.0959

65.0168

18.7084

69.7559

10

6.0320

30.6579

8.1958

43.7562

20

19.8848

20.0597

13.4017

27.1489

30

11.8282

-

8.0548

-

40

8.8828

-

7.1255

-

Table 4. Average diameters and zeta potential of α-Chitosan at different concentration.
Dose
(kGy)

Ave. Diameter (nm) at
different concentration (mg/ml)

Zeta potential (mV)
at different concentration (mg/ml)

1.0

0.5

0.25

1.0

0.5

0.25

0

137.6

-

-

2.87

-

-

10

305.8

-

-

14.8

-

-

20

666.8

-

1188.7

13.0

-

5.07

30

1287.4

1119.7

1027.1

16.2

18.03

2.52

Data from Particle size analyzer.
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ln Mw

10

0.15
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6
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0.25mg/ml

0.05

lnMw

ηspc

8

4
2
0

0.00
0

10

20

Dose(kGy)

30

40

Figure 3. Molecular weight and specific viscosity of depolymerized
α-Chitosan with different dose.

(a)

(b)

Figure 4. SEM images of depolymerised α-Chitosan (30 kGy) at (a) 1.0 mg/ml (b)
0.5 mg/ml concentration.

(a)

(b)

Figure 5. TEM images of depolymerised α-Chitosan (30 kGy) at (a) 1.0 mg/ml (b)
0.5 mg/ml concentration (×100 K magnification).
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Figure 6. Particle size of raw α-Chitosan (black), depolymerised α-Chitosan at 10 kGy
(Blue), 20 kGy (Yellow), and 30 kGy (Red) at 0.5 mg/ml concentration.

This pattern obtained from α-chitosan may be due to the formation of ionic
clusters based on ion-ion interaction which could give much bigger aggregates.
Additionally, the irradiation of the chitosan seems to bring the aggregate size
bigger. The particle sizes are up to more than 100 nm, when using e-beam dose
as low as 5 kGy.
The particle still formed significant circle-like shape as expected, especially in
spherical form. TEM images implied that α-chitosan irradiated at low concentration (0.5 mg/ml) gave a smaller particle size with individual spherical shape
than that from high concentration (1.0 mg/ml). SEM images have shown the
morphological properties and surface appearance of aggregates. The aggregates
have nearly spherical shape, smooth surface and size range of about 20 - 80 nm
(Figure 4).
SEM imaging of the two solutions are consistent with the size profiles, monodispersed nanoparticles and agglomerates of several hundred nanometers were
visible in the solution. In the present study, the results obtained by Zetasizer revealed that the zeta potential of the α-chitosan nanoparticles can greatly influence their stability in suspension by means of electrostatic repulsion between the
particles. Our results demonstrated respective zeta potentials of α-chitosan nanoparticles of 2.5 and 28.7 mV. It is supposed that the α-chitosan molecules depolymerized by e-beam radiation are not uniform. Chitosan molecules are likely
to adopt a diffuse conformation in the solution because of electrostatic repulsion
force existing between amine groups along the molecular chain [8] [10] [23].
The carboxyl groups on the surface of a large protein molecule may form hydrogen bonds with amine groups at certain sites along the chitosan chain [23].
Moura et al. (2008) investigated the possibility of producing and controlling
DOI: 10.4236/jbm.2019.710007
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chitosan nanoparticles with different sizes via electrostatic interaction of chitosan and methacrylic acid [25]. The mechanism for the synergistic effect was presented by Kang, Dai, Zhang, and Chen (2007) [5]. Particularly, the degradation
of chitosan by the gamma-ray irradiation alone can be ascribed to the direct action of radiation on the chitosan chains. In the present study the effect of different chitosan concentrations (0.25, 0.5, 1.0 mg/mL) on molecular weight and
viscosity was evaluated (Table 2) and measured the size and zeta potential by
Zetasizer (Table 4, Figure 6). Our results showed that by increasing the chitosan
concentration from 0.25 to 1.0 mg/mL in the absence of hydrogen peroxide, the
size of nanoparticles increased (Table 1). Table 2 also shows that specific viscosity of chitosan decreased with decreasing chitosan molecular weight in solutions. For chitosan of the same molecular weight, specific viscosity decreased
with increasing solution concentration. Zetasizer revealed that the size of the
aggregates of α-chitosan was increased from 138 nm to 1287 nm with increasing
radiation dose from 0 to 30 kGy, possibly due to Zeta potential of chitosan particles can greatly influence their stability in suspension by means of electrostatic
repulsion between the particles [26]. The results indicate that the chain flexibilities of higher molecular weight chitosans were higher than those of lower molecular weight ones.
However, strong pre-peaks in the detector responses (especially in the light
scattering detector) and an increase or curvature of the ln[Mw] distribution over
the retention volume indicate the presence of aggregates. These effects were
completely absent for the samples measured. Yanagisawa et al. [27] showed that
the absence of aggregates is an important prerequisite for a reliable conformational analysis. For MH plot to avoid any occurrence of aggregates we filtered
the sample solutions carefully. Chitosan molecules are likely to adopt a diffuse
conformation in the solution because of electrostatic repulsion force existing
between amine groups along the molecular chain.

4. Conclusion
The chitosan with two different molecular weights in different conformation was
depolymerized by e-beam irradiation in aqueous solution. Radiation sensitivity
was evaluated by the determination of radiation yield of scission Gs and degradation behavior. The e-beam irradiation, used as a method to reduce the molecular weight of chitosan, showed even greater synergy when used with H2O2 and
its synergistic degradation is more effective at lower irradiation doses. The zeta
potentials of the chitosans demonstrated the molecules depolymerized by e-beam
are not uniform
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