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Abstract

Natural polymer blend films composed of chitosan and silk fibroin were prepared by

varying the ratio of chitosan to silk fibroin, with and without glutaraldehyde as a

crosslinking agent. The effects of the ratio of chitosan to silk fibroin and crosslinking

agent on swelling behavior of the blend films were studied. For the swelling behavior,

the blend films exhibited a dramatic change in the degree of swelling when immersed

in acidic solutions. The degree of swelling of the films increased as the chitosan

content increased; the blend film with 80 % chitosan content had the maximum degree

of swelling. It appeared that crosslinking had occurred in the blend films which helped

the films to retain their three dimensional structure. In addition, FTIR spectra of the

films showed evidence of hydrogen bonding interaction between chitosan and silk

fibroin. For the effect of salt type, the films were immersed in various types of

aqueous salt solutions, viz NaCl, LiCl, CaCh, AICI3, and FeCl3. The films immersed in

AICI3 and FeCb aqueous solutions gave the maximum degree of swelling. The effects

of AICI3 and FeCl3 concentrations on swelling behavior were also investigated. It was

found that the maximum degree of swelling of the films occurred at l.OxlO"2 M of

AICI3 and FeCl3 aqueous solutions.

Keywords: Chitosan, Silk fibroin, Blend film, Swelling property, Degree of swelling,

Crosslinking agent
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1. Introduction

Increasingly, natural polymers are becoming more important because they are renewable

resources and have low cost. Due to their interesting properties, including nontoxicity,

biocompatibility, and biodegradability, natural polymers have been investigated with a

view to expanding their utilization. Chitosan is an aminopolysaccharide derived from

chitin via deacetylation by alkali hydrolysis. It is a copolymer consisting of |3-(l-4)-2-

acetamido-D-glucose unit and (3-(l-4)-2-amino-D-glucose unit with the latter usually

greater than 75% [1]. Chitosan can be blended with synthetic polymers to yield products

whose physical and chemical properties have some potential applications. In addition,

chitosan can be blended with biomaterials, like cellulose [2], silk fibroin [3], pectin [4],

collagen [5], etc. Chen et al. [3] investigated a conformational transition of silk fibroin

induced by blending with chitosan. The rigid chain of chitosan can induce transformation

of the random coil conformation of silk fibroin to the (3-sheet conformation because of the

occurrence of hydrogen bonding between chitosan and silk fibroin.These two biopolymers

can also form a hydrogel having a semi-interpenetrating polymer network morphology that

is sensitive to pH and ion concentration changes. Chen, et al. [6] studied the swelling

behavior of chitosan/silk fibroin blend film in pH buffer solutions and reported that

swelling-shrinking behavior of chitosan/silk fibroin blend films exhibited a fine

reversibility.

In this study, chitosan/silk fibroin blend films were prepared with varying chitosan

content. The effect of blend composition on the swelling behavior of films were studied.

The swelling behavior of the blend films was determined in pH buffer solutions and

various types of salt solutions. Furthermore, the effect of varying concentration of various

salt types on the swelling property of the blend films was also determined.

2. Experiment

Chitin was prepared by the method of Shimahara et al. [7]. The decalcification of shrimp

shell was performed by immersing in 1 N HC1 solution for 2 days. Protein removal of the

decalcified product was performed in 4 % w/w of NaOH solution by boiling further at 80-

90 °C for 4 h. The deproteinized portion was washed with deionized water until neutral.

For chitosan preparation, chitin flakes were deacetylated by heating in 50 % by weight of

NaOH solution containing 0.5 % by weight of NaBELj added based on the weight of chitin

to prevent depolymerization. The deacetylation was performed in an autoclave at 110 °C
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for 1 h. The degree of deacetylation of chitosan was 80% based on the infrared

spectroscopic method of Sannan et al. The viscosity-average molecular weight of chitosan

was 7.12xlO5 acccording to the method of Lee [8]. Chitosan solution was prepared by

dissolution of chitosan in 1% by weight acetic acid solution. The chitosan solution was

allowed to stand overnight at 4 °C in a refrigerator to get rid of air bubbles before use.

To obtain silk fibroin solution, silk fibroin 6 g was dissolved in 94 g of 2:2:8 by mole of

CaCl2: EtOH: H2O solvent system at 100 °C for 15 minutes [9]. The resulting silk fibroin

solution was filtered through the sintered glass filter and subsequently dialyzed against

distilled water for 7 days. The dialyzed silk fibroin solution was filtered and diluted to

achieve a concentration of 1% w/w.

The blend films of chitosan and silk fibroin were prepared by mixing various ratios of 1%

by weight of silk fibroin solution and 1% by weight of chitosan solution. The blend

solution was stirred slowly for 12 h and left overnight to get rid of air bubbles before

casting onto the clean dry petri dishes in a dust-free atmosphere at room temperature.

When the films were dried completely, they were soaked in 0.5% by weight of NaOH in

MeOH for 24 h to neutralize the acid and then washed exhaustedly with MeOH. The blend

films were dried at ambient temperature and stored over silica in a desiccator before use.

For the swelling behavior determination, the samples were cut into the disk form with

diameter of 16 mm and 25-30 um in thickness. The samples were immersed in pH buffer

solutions at various pH values and in various types of salt solutions. The degree of

swelling was calculated from the following equation:

W -Wo •
Degree of swelling (%) =

Wo

where Wo is the weight of the films at dry state and W is the weight of swollen films.

3. Results and discussion

Swelling study

Effect of P H

The effect of pH on the degree of swelling of pure and the blend films with crosslinking is

shown in Figure 1.
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Figure 1 Degree of swelling of pure and blend films of chitosan and silk fibroin with
crosslmking in pH buffer solution. The amount of added glutaraldehyde was 0.01
mole/glucosanime unit of chitosan. The ratio of chitosan to silk fibroin is as follow:
• 100/0; • 80/20; A 60/40; A 50/50; ° 40/60; • 20/80; O silk fibroin

When pHs were less than 5, the degree of swelling of the crosslmked blend films

increased with increasing chitosan content. The maximum degree of swelling was

observed for the blend film with 80 % chitosan content. This may be due to the

dissociation of hydrogen bond between chitosan and silk fibroin chains caused by the

protonation of amino groups of chitosan. Unlike that of the blend films without

crosslinking, the crosslinked blend films with higher than 50% chitosan content can

maintain their structures in acidic pH range. However, the degree of swelling of the

crosslinked blend films was lower than the blend films without crosslinking. Wang et al.

[10] reported that the crosslinked chitosan network can prevent the semi-interpenetrating

polymer network of chitosan and poly(acrylic acid) from collapse at low pH but

crosslinking could limit swelling of the films. It can be explained that the crosslinking

makes chitosan chains covalently link together and form a network that can prevent the

dissolution of the films even though it restricts the swelling of the films. In contrast, the

degree of swelling of the blend films did not exhibit any difference when the pH is higher

than 5. This can be explained by the fact that, at alkaline pH range, the number of

protonated amino groups of chitosan is very low. The pKa of chitosan is about 6.3-6.5

[11], which indicates that chitosan tends to be protonated in acidic solution. Thus the
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degree of swelling of the blend films in alkaline solution is very low as compared to that

of the blend films in acidic solution.

From the above, it is evident that the blend films of chitosan and silk fibroin are pH-

responsive.

Effect of salt type

The degree of swelling of pure and the blend films with crosslinking in various types of

salt solutions is shown in Figure 2.
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Figure 2 Degree of swelling of pure and blend films of chitosan and silk fibroin with
crosslinking in various types of salt solutions. The amount of added glutaraldehyde was
0.01 mole/glucosamine unit of chitosan.

• 0.25MFeCl3; O O.25MA1C13

A 0.25 M CaCl2 solution; A 0.25 M NaCl solution; • 0.25 M LiCl solution

As chitosan content increases, the degree of swelling of pure and the blend films with

crosslinking increases significantly in the case of immersing the films in AICI3 and FeCh

solutions. This is believed to be due to the formation of a coordinate covalent bond

between nitrogen at amino group of chitosan and Al3+ or Fe3+. In solution, Al3+ is

surrounded by six molecules of water while Cl" acts as a counter ion [12]. This Al3+

hydrated still has empty orbital that is electron deficient. The nitrogen atom of the amino

group of chitosan has a lone pair electron that can coordinate to Al3+. So Al3+can form a

coordinate covalent bond with the amino group of chitosan resulting in greater degree of

swelling at higher chitosan content. The transition metal ion, like Fe3+, can also form a

coordinate covalent bond with the amino group of chitosan. The covalent binding of Al3+

or Fe3+ has the effect of increasing the net positive charge on the chitosan chains.

Therefore, increase of chitosan content can enhance the degree of swelling of the blend

films in both AICI3 and FeCb solutions. At chitosan content greater than 50%, the degree
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of swelling can not be reported because overswelling led to the disintegration of the films.

The degree of swelling of the crosslinked blend films with greater than 50 % chitosan

content could be observed and the highest degree of swelling was observed at 80 %

chitosan content. This indicated that the presence of crosslinks can prevent the

disintegration of the films by the formation of network between the chitosan chains.

However, the crosslinks limited the swelling ability of the films. The degree of swelling of

the crosslinked blend films was lower than that of the non-crosslinking blend films at the

corresponding blend compositions. The degree of swelling of the crosslinked blend films

was very low in 0.25 NaCl, 0.25 M LiCl, and 0.25 M CaCl2 solutions for the whole range

of chitosan content. The reason is that the amino group of chitosan could not bind or bind

weakly to alkali and alkali earth metal ions such as Na+, Li+, and Ca2+ resulting in a lower

degree of swelling [10].

Effect of AlCli and FeCl^concentrations

From the previous results, the chitosan and the blend films with crosslinking showed

strong swelling in AICI3 and FeCb solutions. Therefore, we further investigated the effect

of AICI3 and FeCl3 concentrations on the swelling behavior of pure and the blend films

with crosslinking.

The effect of AICI3 concentration on the degree of swelling of pure and the blend films

with crosslinking is shown in Figure 3.

-1 -2 -3

Log[AlCl3]
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Figure 3 Degree of swelling of pure and blend films with crosslinking immersed in
various concentrations of AICI3 salt solutions. The amount of added glutaraldehyde was
0.01 mole/glucosamine unit of chitosan. The ratio of chitosan to silk fibroin is as follow:

D 100/0; E 80/20; A 60/40; A 50/50; O 40/60; #20/80; O silk fibroin.
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The AICI3 concentration did not affect the degree of swelling of pure silk fibroin film at all

salt concentrations because of the very low interaction between Al3+ and silk fibroin.

However the chitosan and the blend films showed a strong variation in the degree of

swelling related to the changes in salt concentration. The degree of swelling increased

significantly as AICI3 concentration increased. When AICI3 concentration was l.OxlO"2 M,

the degree of swelling of pure chitosan and the blend film showed a maximum value. The

maximum degree of swelling belonged to the blend film with 80 % chitosan content. The

occurrence of the highest degree of swelling at AICI3 concentration of l.OxlO"2 M can be

explained by the Donnan equilibrium effect [13]. The Donnan equilibrium effect arises

from the ionic osmotic pressure generated from the mobile counterions, which accompany

the bound ions on the network strands [14]. The high counterion concentration causes a

large swelling pressure in the absence of excess mobile salt. At the AICI3 concentration of

l.OxlO"2 M, the difference of ion concentration between the interior and exterior of the

films is maximal, leading to a large imbalance in osmotic pressure, which causes the

maximum degree of swelling of the films. The decrease in the degree of swelling when the

AICI3 concentration exceeds l.OxlO"2 M occurs because of there is now an excess mobile

ion concentration in the external solution. The concentration of amino groups of chitosan

in the film available to bind Al3+ is depleted, no additional Al3+ bound to the network

strands, the excess mobile ions can penetrate the film and screen the bound charges, and

the degree of swelling decreases.

The degree of swelling of pure and the blend films with crosslinking in various

concentrations of FeCl3 solution is shown in Figure 4.

The effect of FeCl3 concentration on the degree of swelling of pure and the blend films

with crosslinking is similar to that of the films immersed in AICI3 solutions. The FeCl3

concentration that causes the maximum degree of swelling is l.OxlO"2 M. The blend film

with 80% chitosan content has the highest degree of swelling. The difference in the degree

of swelling of the films immersed in different concentrations of FeCb solution is also

caused by the Donnan equilibrium effect, as mentioned in the case of AICI3 solution. The

degree of swelling of pure silk fibroin films is not affected by the FeGb concentrations.
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Figure 4 Degree of swelling of pure and blend films with crosslinking immersed in
various concentrations of FeCl3 salt solutions. The amount of added glutaraldehyde was
0.01 mole/glucosamine unit of chitosan. The ratio of chitosan to silk fibroin is as follow:

D 100/0; • 80/20; A 60/40; A 50/50; O 40/60; #20/80; O silk fibroin.

Conclusion

The composition of chitosan/silk fibroin blend films had a large effect on the mechanical

properties, physical properties, and swelling behavior of the blend films. Blending silk

fibroin with chitosan resulted in an improvement in tensile strength and elongation at

break, and an increase in crystallinity. On the other hand, silk fibroin enhanced the thermal

stability of chitosan. The addition of crosslinking agent to the blend films enhanced the

mechanical properties. Furthermore, crosslinking was very important for the swelling

behavior since it enabled retention of structural integrity of the films in the acidic pH

buffer solution, even though it reduced the degree of swelling of the films. The properties

of chitosan/silk fibroin blend films varied strongly with respect to changes in pH, salt type,

and salt concentration. Therefore, these chitosan/silk fibroin blend films had pH and salt-

responsive properties.
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