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Sericin, a silk protein, shows a high moisture-
retaining property and an ultraviolet ray absorbabil-
ity, and has been applied for a textile processing of
medicines and a cosmetic additives.! It is clarified by
recent studies that sericin has many physiological ef-
fects, such as an anti-oxidative effect, a cancer pre-
vention and a dermatitis improvement, etc2 ¢ Further-
more, the practical physical properties of the sericin
make it a promising material for the field of medical
supplies.

Sericin adheres firmly with fibroin protein. Since it
has high molecular weight, most of sericin is insolu-
ble in water at room temperature.” Industrially, sericin
can be extracted by the scouring of silk fabric and silk
yarn in an alkaline solution under high temperature and
pressure. The molecular weight of the sericin obtained
is greatly lowered by the hydrolysis, and then the wa-
ter solubility increases. Therefore, the material, such
as a film or membrane, composed only the low molec-
ular weight sericin is lacking in the practicability, be-
cause of the material simply dissolves in the water. One
of the authors examined the chemical cross-linking us-
ing dimethylolurea (DMU), and membranes obtained
showed water resistance.! However, to utilize for med-
ical supplies, it is desirable to unused the other sub-
stance, such as cross-linking agent because of toxicity.
In addition, Katoh suggested that the physiological ef-
fects of sericin depend on the molecular weight?

Recently, we developed a new process to efficiently
obtain the sericin, which maintain high molecular
weight.!® ! Furthermore, we found that the film pre-
pared by this sericin showed water resistance and large
mechanical properties. In order to apply this material to
the medical field, it is necessary to evaluate the mois-
ture characteristic or the structure.

In this paper, it is reported that the high molecu-
lar weight sericin film compared with the cross-linking
sericin film on moisture characteristic and structure.
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EXPERIMENTAL

Molecular Weight

The molecular weight of the sericin was determined
by gel permeation chromatography (GPC) using a D—
7000 (Hitachi Seisakusho Co., Ltd.). The instrument
conditions were as follows: elution solvent, 0.05 mol
phosphoric acid buffer +0.3 mol NaCl; gel column,
Shodex Asahipak 520HQ; temperature, 35°C; flow
rate, 0.6 mLmin~'. MW-Marker (Oriental Yeast Co.,
Ltd.) was used as calibrating standard.

Materials

A high molecular weight sericin powder was kindly
supplied by Kashiro-Sangyo Co., Ltd. (Shiga, Japan.)
and used without purification. The weight average
molecular was 3.88 x 10°.

Preparation of High Molecular Weight Sericin Film

The high molecular weight sericin powder was dis-
solved in water using an autoclave (105°C, 3 min). A
sericin aqueous solution of 2 wt% was cast on a Teflon
petri dish and then dried at room temperature.

Preparation of Hydrolyzed and Cross-Linked Sericin
Films

The high molecular weight sericin powder was hy-
drolyzed in a 0.2 wt% Na,COj3; aqueous solution us-
ing an autoclave (110°C, 5 min), neutralized with HCI.
The weight average molecular of hydrolyzed sericin
was 0.23x10°. The aqueous solution obtained was
mixed with dimethylolurea (DMU) as a cross-linking
agent at a mole ratio of 0.5 for the sericin and agitated at
85°C for 1h, cast on a Teflon laboratory dish and dried
at room temperature. The cross-linked sericin film ob-
tained was cured at 130°C for 10 min and dried after
washing in water.
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Fourier Transform Infrared Spectrophotometer (FT-IR)

Infrared spectra were obtained at a wave-number
region of 1400-1800cm™', resolution of 0.5cm™!
and the scan frequency of 200 times with a Fourier
Transform Infrared Spectrophotometer SpectrumOne
(PerkinElmer Instruments).

X-Ray Diffraction

X-Ray diffraction intensity curves were obtained at a
scanning rate of 1° min~! for 20 from 5 to 50° with a
diffractometer Rint 2000 (Rigaku Denki Co., Ltd.) us-
ing Cu-Ka radiation. The powder sample which was
fractured by film samples was used for the measure-
ment.

Thermogravimetry (TG)

TG was measured using TG-DTA TAS-2000
(Rigaku Denki Co., Ltd.). Measurements were taken
over a temperature range of 80 to 350°C in the nitro-

gen atmosphere at a rate of 10°C min~".

Tensile Properties

Tensile properties were measured with an Instron
tensile tester (Instron Japan Co., Ltd.). The tensile
speed was 20mmmin~'. The samples were prepared
by keeping the sample under the standard condition
(23 °C, RH 55%) for 24 h. Young’s modulus were cal-
culated from the initial slope of the stress—strain curves.

Elution Protein Composition

The sericin films were dipped into water at various
temperature for 8 h. The elution protein composition
from sericin films were determined by Bradford method
using ultraviolet spectrophotometer UV-1600PC
(Shimadzu seisakusho Co., Ltd.). Bovine serum
albumin (BSA) was used as calibrating standard.

Swelling Ratio and Water Regain
The swelling ratio and the water regain were calcu-
lated by eqs 1 and 2, respectively,

Swelling ratio(%) = Vi /V4q % 100 (1)

where Vy, is the volume of the swollen sample ob-
tained by dipping into water at 25°C for 8h and Vy
is the volume of the dried sample obtained by vacuum
drying at 30 °C for 24 h.

Water regain(%) = (Wy/Wq — 1) x 100 2)

where W, is the weight of the water-absorbed sample
obtained by dipping into water at 25°C for 8 h and Wy
is the weight of the dried sample obtained by vacuum
drying at 30 °C for 24 h.
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Figure 1. Apparatus for the measurement of hygroscopicity
and dehygroscopicity.

Moisture Regain
Moisture regain in the films was calculated by eq 3,

Moisture regain(%) = (Wy/Wq—1)x 100 (3)

where Wy, is the weight of the moisture-absorbed sam-
ple obtained by keeping the sample in a incubator—
humidistat at 23 °C for 24 h, and Wjy is the weight of
a dried sample obtained by vacuum drying at 30°C for
24 .

Hygroscopicity and Dehygroscopicity

Hygroscopicity and dehygroscopicity were measured
with the apparatus which was showed in Figure 1. The
weight change of the sample under the dry or wet con-
ditions were plotted 3 min interval.

RESULTS AND DISCUSSION

Structures of High Molecular Weight Sericin Film

Figure 2 shows FT-IR spectra of high molecular
weight sericin (high-M,, sericin), hydrolyzed sericin
and cross-linked sericin films. In the high-M, sericin
film, there are a peak at 1624 cm™' with a shoulder on
the high wave-numbers side (1645 cm™") and a peak at
1514 cm™!. Since these peaks in FT-IR spectra are re-
lated to the amide I and the amide II absorption band
respectively, which are due to a peptide linkage forming
a B-sheet,!> 13 sericin molecules in the high-4, sericin
film mainly form a S-sheet. Here, the shoulder peak
at 1645 cm™! obviously transformed into a new peak at
the hydrolyzed and the cross-linked sericin films. Fur-
ther a new shoulder peak appeared at 1527 cni™!. These
peaks are related to the amide I and the amide II ab-
sorption band due to a peptide linkage forming random
coil of peptide, respectively.!> !> These results indicate
that the random coil in the hydrolyzed and the cross-
linked sericin films increases by the destruction of a
[S-sheet structure due to the alkaline hydrolysis or the
cross-linking.

Figure 3 shows X-ray diffraction intensity curve of
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Figure 3. Wide angle X-ray diffraction patterns of sericin
films.

each films. Komatsu shows’ that the diffraction peak
angles calculated from crystal spacing of the hot wa-
ter extraction sericin were at 26=12.1°, 19.6°, 21.2°,
26.9°, and 44.6°. In the high-M,, sericin film, there is
a diffraction peak at near 2 6= 20", and a shoulder peak
atnear 2 6=12°,28°, and 43°. The observed diffraction
angles agreed with calculated ones, indicating that the
high-M,, sericin film maintains original crystal struc-
ture. On the other hand, the peak at near 26=2(
transformed into a broad peak while the shoulder peak
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Figure 4. TG curves of sericin films.

at near 260=12° decreased in the hydrolyzed sericin
film. Furthermore, only a broad peak is observed in the
cross-linked one. This peak will be an amorphous har-
row, since the absorption band due to the random coil
was observed in FT-IR spectra, as mentioned above.
These results support the consideration from the results
of FT-IR, namely crystal region in the sericin was de-
creased by alkaline hydrolysis or cross-linking. Here,
the cross-linking gives water resistance, but it promotes
the decrystallization. It is assumed that the promotion
of decrystallization by cross-linking is attributed to the
heating for the agitation with DMU (85°C for 1h) or
the curing (130°C for 10 min), and the extraction of
the excess DMU.

Figure 4 shows TG curve of each sericin films. In
the high-M,, sericin film, a weight loss due to the de-
composition occurred from near 250°C, and that of the
hydrolyzed and the cross-linked one gently occurred
from near 240 °C and 230 °C, respectively. The crys-
tal region, which shows a high heat-resistance is more
abounding in the high-M,, sericin film. In addition, a
number of molecular chain ends are lower than that of
hydrolyzed or the cross-linked sericin films, resulting
the disturbance of the molecular motion. The higher
decomposition temperature at the high- M4, sericin film
was caused by these structures. Generally, the decom-
position temperature in TG curve shows high tempera-
ture side by cross-linking. However, the decomposition
temperature of cross-linked sericin film is lower than
that of hydrolyzed one at about 7°C. The decomposi-
tion start temperature of DMU was approximate with
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Table I. Tensile properties of sericin films
High-M,,  Cross-link
Stress/MPa 65.1 42.8
Strain/% 2.1 3.7
Young’s modulus/MPa 4060 1670

(X10°%)

Cross-link

Elution protein composition (% )

20 40 60 80
Temperature (C)

Figure 5. Dependence of elution protein content from sericin
film on water temperature.
Table Il. Water regain and swelling ratio of sericin films
dipping into water
High-M,,  Cross-link
Water regain/% 166.7 193.3
Swelling ratio/% 122 180

the decomposition temperature of hydrolyzed sericin
(about 230°C). Thus, the cross-linked sericin started
of decomposition simultaneously with the collapse of
cross-linking at near temperature. Furthermore, the
crystal region of the cross-linked sericin is lower than
that of hydrolyzed one, as mentioned above, result-
ing the decomposition temperature in TG curve shows
lower than that of hydrolyzed one.

Tensile properties at standard condition (23°C, RH
55%) of high-M,, and cross-linked sericin films are
shown in Table 1. Tensile stress and Young’s modulus
of the high-M,, sericin film are larger than that of the
cross-linked one. This results support the assumption
as that the crystal region is more abounding.

Moisture Characteristic of High Molecular Weight
Sericin Film

Figure 5 shows that the elution protein composition
from the specimens to various temperature water, and
Table II shows that the water regain and swelling ra-
tio when the films were dipped into water at 25°C for
8 h, respectively. A trace amount of the elution pro-
tein was observed on cross-linked sericin film. There
is non cross-linked sericin molecule with low molec-
ular weight in the cross-linked sericin film, and this
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Figure 6. Isothermal sorption diagrams of sericin films.

can cause protein (i.e., sericin) elution. Here, dipping
into water of the cross-linked sericin film resulted in
large swelling, as shown in Table II. On the other hand,
the elution protein composition of the high-M4, sericin
film is lower than that of the cross-linked one. Further-
more, the water regain and the swelling rate are also
lower. The high-M,, sericin film has many crystal re-
gion (i.e., S-sheet forming) with large intermolecular
force, and water mainly entered into the amorphous re-
gion. Therefore the water regain and the swelling rate
are lower than that of cross-linked sericin with many
amorphous region.

Figure 6 shows that the isothermal sorption diagrams
of both films. The diagram shows BET-type curve,
in which case the adsorption shows the multilayer ad-
sorption under the high humidity condition.!*!> For
the relative humidity of below 70%, moisture regain of
cross-linked sericin film is lower than that of high-A4,
one. However, the moisture regain rapidly increases
for the relative humidity of above approximately 60%,
while the high-M,, one rapidly increases of above ap-
proximately 80%, consequently moisture regain was re-
versed at the 70% humidity. Sericin has a large number
of hydrophilic group (i.e., -OH, —NH, and —COOH).
These groups are the important factors regulating the
monolayer adsorption ability under the low relative hu-
midity. It is assumed that the lower moisture regain
of cross-linked sericin film observed in the low relative
humidity is attributed to the decrease of the hydrophilic
group due to the cross-linking with DMU. In the case
of multilayer adsorption under the high relative humid-
ity, the moisture adsorption accompanied with large
swelling of the film, and the space for the physical ad-
sorption of the moisture enlarges, resulting the higher
hygroscopicity is shown. Figure 7 shows that the as-
pect of the hygroscopicity and dehygroscopicity of both
films. At the time of the dehygroscopicity, it was found
that the high-M,, sericin film take longer time to equi-
librium of the moisture regain, in spite of the moisture
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Figure 7. Aspect of the hygroscopicity and dehygroscopicity
of sericin films.

regain under the wet condition was smaller. This result
indicates that the fraction of the monolayer adsorption
(i.e., chemical adsorption) which shows large adsorp-
tion force!® of high-M,, sericin film is higher than that
of the cross-linked one. While the fraction of the multi-
layer adsorption (i.e., physical adsorption) which shows
small adsorption force'” is lower than that of the cross-
linked one. Because of the moisture regain under the
wet condition was smaller. These results support the
consideration from the results of isothermal sorption di-
agrams
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