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ABSTRACT: We conducted this study to examine the
changes in the molecular structure and physiological activ-
ities of silk sericin after c irradiation. Sericin from Bombyx
mori was extracted with an Na2CO3 solution. The molecular
weight distribution of sericin increased in the gel permea-
tion chromatography and sodium dodecyl sulfate/poly-
acrylamide gel electrophoresis results as the irradiation
dose increased. Circular dichroism data also revealed that
the a-helix contents decreased with the irradiation dose.
Ultraviolet absorption was shown a different pattern
between the irradiated and unirradiated sericin. However,

the Fourier transform infrared spectrum was not changed
in all of the groups. Furthermore, the irradiated sericin
was significantly increased in 2,2-diphenyl-1-picryl-hydrazil
radical scavenging, and the tyrosinase inhibitory activities
increased with irradiation dose. Therefore, c irradiation was
an effective method for producing high-molecular-weight
sericin and for developing functional foods and cosmetics.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 2034–2040, 2011
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INTRODUCTION

Silk derived from the silkworm, Bombyx mori, is a
natural protein that is mainly made of sericin and
fibroin proteins.1 Until recently, only fibroin was
used for silk clothing, but Masahiro et al.1 reported
that the consumption of sericin enhanced the bio-
availability of zinc, iron, magnesium, and calcium in
rats, and it was also suggested that sericin is a valu-
able natural ingredient that could be used in the
food industry.2,3 Sericin is a macromolecular protein
made of 18 amino acids, whose molecular weights
range from approximately 1 to 100 kDa.4,5 Recently,
the biochemical characteristics of sericin were
reported in an examination of whether sericin con-
tributed to the toughness and resistance against
environmental stresses for silkworms.6 Despite its
physiological activities, such as its antioxidant effects
and tyrosinase inhibition, sericin is mostly discarded

during silk production processing7 because of its
low physiological activity.
c irradiation has been used for the improvement of

food storage and hygiene of food, and it has also
been found to have importance in the medical and
beauty care industries.8 c irradiation causes structural
changes in biomolecules. In the case of proteins, the
structures are altered to by fragmentation, crosslink-
ing, and aggregation by oxygen radicals.9,10 Even the
physicochemical and physiological properties of pro-
teins are altered.11 Recently, radiation technology
was reported to alter characteristic properties by caus-
ing a change in the structure of biomaterials, such as
ovalbumin,12 b-glucan,13 hyaluronic acid,14 and silk
fibroin.15 Through irradiation, the molecular struc-
tures of these biomaterials were changed, and their
physiological properties were enhanced. However,
there has been no study on the changes in the struc-
tural and physiological properties of sericin by irradi-
ation. Therefore, in this study, sericin was irradiated,
and changes in its molecular structure and physiologi-
cal activities were investigated.

EXPERIMENTAL

Preparation of sericin

Sericin was prepared according to a method out-
lined by Hyun et al.4 Cocoons were supplied by
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Nuero, Ltd. (Daegu, Republic of Korea). To obtain
sericin, 20 g of cocoon material was cut into small
pieces and boiled with 2.5 L of 5% (w/v) Na2CO3

solution for 1 h. Because the sericin was not com-
pletely dissolved in water, the 5% (w/v) Na2CO3

solution was used to extract sericin. The remaining
Na2CO3 solution with dissolved sericin was sepa-
rated by filtration, and the salts of Na2CO3 were
removed through a dialysis membrane with a mole-
cular weight cutoff of 2000 Da (Spectrum Laborato-
ries, Inc., Rancho Dominguez, CA); this process was
repeated, and then, the solution was dried with a
vacuum freeze dryer to obtain sericin powder.

c irradiation

Sericin was dissolved to a concentration of 5 mg/
mL (w/v) in deionized distilled water (DDW). Seri-
cin solution was irradiated at 5, 10, 50, 100, 150, and
200 kGy, respectively, under a Co-60 irradiator (IR-221,
Nordion International, Ltd.) with an 11.1-PBq source
strength and was operated at a dose rate of 10 kGy/h.
The c-irradiated sericin solutions were stored 4�C for
the subsequent experiment. The c irradiation dose
absorbed by the sample was measured with alanine
dosimeters (Bruker Instruments, Rheinstetten, Ger-
many), which were 5 mm diameter. The dosimeters
were calibrated with international standards of the
International Atomic Energy Agency (Vienna, Austria).

Gel permeation chromatography (GPC)

The distribution of the molecular weight of sericin
was determined by GPC (Waters, Milford, MA,
USA). GPC measurements were performed with a
Waters GPC system equipped with a Waters 515
pump (Milford, MA, USA), a 2 � PLaqagel OH
Mixed (7.8 � 300 mm) column, and a Waters 2410
refractive-index detector (Milford, MA, USA). The
column was operated at 40�C and eluted with dis-
tilled water at a flow rate of 1 mL/min. The reten-
tion time of the samples was calibrated with a dex-
tran standard at a concentration of 0.1% (w/w).

Sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS–PAGE)

The protein concentration of sericin was assayed
with the bicinchoninic acid (BCA) method,16 and the
contents of the loaded protein per lane were adjusted
to 28.3 lg. Electrophoresis was carried out with pre-
cast 4–20% NuPAGE Bis–Tris gels (Invitrogen, San
Diego, CA) at 100 V for 1 h in a NuPAGE 2-(N-mor-
pholino)ethanesulfonic acid (MES) sodium dodecyl
sulfate running buffer system (Invitrogen) according
to the manufacturer’s instructions. A SeeBlue Plus2
prestained standard protein marker (Invitrogen) was

used to determine the molecular masses of the protein
bands. The gel was then stained with Commassie Bril-
liant Blue R-250 for visualization.

Circular dichroism (CD)

CD spectra were obtained with a Jasco J-715 spectro-
polarimeter (Jasco, Tokyo, Japan) fitted with a 150-W
xenon lamp. Far-ultraviolet (far-UV) spectra were
registered in the range 160–280 nm. The sample
(0.2 mg/mL) was analyzed in DDW. A sample com-
partment was purged with nitrogen gas, and a 1-mm-
pathlength quartz cuvette was used. Triplicate scans
of the CD spectra were averaged, and the spectrum
for the DDW background was subtracted.6 CD spectra
were represented in terms of a mean residue elliptic-
ity (degrees � square centimeters per decimole).

Ultraviolet (UV) absorption

UV spectra of irradiated sericin solution were taken
on a spectrophotometer (UV-1601PC, Shimadzu,
Tokyo, Japan). Irradiated and unirradiated sericin
solutions (3 mL, 0.1 mg/mL) were transferred to
the quartz cuvette with a 1-mm pathlength and
scanned with an ultraviolet–visible spectrophoto-
meter (UV-1601PC, Japan). The scanning range was
recorded between 180 and 500 nm.

Fourier transform infrared (FTIR)

The FTIR spectra of the irradiated sericin samples
were recorded (4000–400 cm�1) on a Bruker Spec-
trometer VERTEX 70 FTIR system (Bruker, Ettlingen,
Germany) with the KBr pellet technique. To make
the sample for FTIR spectroscopy, irradiated sericin
solution was lyophilized to form a powder. The
pellets were prepared by the mixture of one part of
the sericin powder with 49 parts (1/50, w/w) of
KBr, and this powder was then compressed under a
pressure of 100 kg/cm2 for 8 min of pressing. The
acquired spectra were the results of 24 scans at a
spectrophotometer resolution of 8 cm�1.

2,2-Diphenyl-1-picryl-hydrazil (DPPH)
radical scavenging activity

The free-radical scavenging activity with the DPPH
reagent was measured with the method prescribed
by Amarowicz et al.17 To 0.5 mL of sericin dissolved
in DDW at a concentration of 0.2 mg of sericin/mL,
the same volume of freshly prepared DPPH reagent
in methanol (0.1 mmol) was added and vortexed.
After a 25-min reaction at room temperature (25�C)
in the dark, the reaction mixtures were centrifuged
at 6400 rpm for 5 min. The decolorization of the
supernatant was assayed at 517 nm (absorbance at
517 nm) by the spectrophotometer (UV-1601PC,
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Shimadzu) and was compared with a blank control
containing a sericin solution and pure methanol
instead of DPPH. A blind control containing DPPH
and distilled water instead of a sericin solution was
also assayed. Equation (1) was used for the calcula-
tion of the free-radical scavenging activity:

Scavenging activity %ð Þ ¼ 1� A
sample
517 =Ablind

517

� �
� 100

(1)

where the scavenging activity is the free-radical
scavenging percentage, A

sample
510 is the absorbance of

the sample at 475 nm, and Ablind
510 is the absorbance of

the blind control at 475 nm.

Tyrosinase inhibitory activity

A sample of the irradiated sericin solution (0.2 mL)
was added to a reaction mixture containing a
10 mM l-3,4-dihydroxyphenylalanine (Sigma Chemi-
cal Co., St. Louis, MO) solution, a 67 mM sodium
phosphate buffer (pH 6.8), and mushroom tyrosinase
(final concentration ¼ 100 unit/mL, Sigma Chemical
Co.). The reaction mixture was incubated at 25�C for
15 min. The amount of dopachrome produced in the
reaction mixture was determined to be 475 nm
(absorbance at 475 nm) by the spectrophotometer
(UV-1601PC, Shimadzu). Equation (2) was used
for the calculation of the inhibitory effect on the
tyrosinase (%).

Inhibition %ð Þ ¼ 1� A
sample
475 =Acontrol

475

� �
� 100 (2)

where A
sample
475 is the absorbance of the sample at

475 nm and Acontrol
475 is the absorbance at 475 nm in

DDW instead of the sericin solution.

Statistical analysis

The data were analyzed by the Statistical Package
for the Social Science program (SPSS, Inc., Chicago,
IL). Differences among the mean values were
obtained by Duncan’s multiple comparison tests at a
significance level of p < 0.05.

RESULTS AND DISCUSSION

Changes in the molecular weight distribution of
sericin after c irradiation

The effect of c irradiation on the molecular weight
distribution of sericin was investigated with GPC
and SDS–PAGE. Figure 1 represents the average
molecular weight of sericin as an expression of the
radiation effect for different irradiation doses by
GPC. The result shows that the average molecular

weight of sericin was increased as the irradiation
dose increased. The average molecular weight of the
unirradiated sericin was found to be 1.8 kDa,
whereas those of the sericin irradiated at 50, 100,
150, and 200 kGy were approximately 8, 30, 47, and
135 kDa, respectively.
The gel electrophoretic patterns of the sericin irra-

diated at 5–200 kGy are shown in Figure 2. The
SDS–PAGE results show that the molecular weight
distribution of sericin was modified by c irradiation.
The unirradiated sericin showed broad smear
protein bands with low molecular weight, but in irra-
diated sericin, the protein with low molecular weight
gradually disappeared with c irradiation. This result
indicates that c irradiation induced a change in the
molecular distribution of the sericin protein, and this
pattern increased as the irradiation dose increased.
There have been reports on the phenomenon of

crosslinking and on the hydrophobic interaction
between proteins due to c irradiation.10,18 c irradia-
tion exerts its effect through the radiolysis of water,
which results in the production of free radicals, such
as hydrated electrons, hydroxyl radicals, and hydro-
gen atoms.19 Radiation-induced reactions in proteins
are strongly influenced by their complex structure,
that is, the folding of the peptide chains, disulfide
bonds between the chains, secondary binding forces,
such as hydrogen bonds, hydrophobic bonds, or
ionic bonds. The splitting reaction of disulfide bonds
can cause degradation to smaller proteins, and cross-
linking among polypeptide chains via intermolecular
bonding can be attributed to the aggregation of
proteins.19,20 It has also been reported that the irradi-
ation of proteins at a high dose induces crosslink-
ing and hydrophobic interactions between the pro-
teins.15,21,22 Therefore, these data indicated that silk
sericin might have been aggregated into higher
molecular weight proteins with c irradiation.

Figure 1 GPC analysis of the average molecular weights
of sericin samples irradiated at different doses. The bars
represent the means and standard deviations. The letters
indicate a statistically significant difference versus the
control (P < 0.05).
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Changes in the CD spectrum of sericin
with c irradiation

CD spectroscopy measures the differences in the
absorption of a left-handed polarized light versus a
right-handed polarized light and can be used to
determine a protein’s secondary structure in the
far-UV spectral region (190–250 nm). At these wave-
lengths, a chromophore is a peptide bond, and a
signal arises when it is located in a regular, folded
environment, a helix, b sheet, and random-coil
structures that provide the characteristic shape and
magnitude of a CD spectrum. It is commonly known
that two negative peaks at 208 and 220 nm are char-

acteristic of an a helix of proteins and that a nega-
tive peak at 214 nm is characteristic of a b sheet of
proteins.23,24

Figure 3 shows the change in the CD spectrum of
sericin caused by c irradiation. When the radiation
dose was increased, the ratio of a helixes in sericin
decreased. On the other hand, the ratio of b sheets
and random coils increased with the alteration in
the a-helix structure.
Several researchers reported that the oxygen radi-

cals, because of the radiolysis of water, subsequently
destabilized the a-helix structure of the proteins, and
the changes in CD spectra by c irradiation were
mainly due to a cleavage of the covalent bonds
of the proteins and a formation of aggregated prod-
ucts.24–26 In this study, the CD results clearly sup-
port the fact that oxygen radicals, generated by c
irradiation in solution, disrupted the ordered struc-
ture of sericin and caused a change in the molecular
properties of sericin.

Changes in the UV spectrum of sericin
with c irradiation

UV absorption spectra are frequently used to ana-
lyze the structural changes of the side chains in
aromatic amino acids on the protein’s surface. Three
aromatic amino acids (phenylalanine, tyrosine, and
tryptophan) have strong absorptions at 280 nm.27,28

The UV spectra of sericin irradiated at various irra-
diation doses are shown in Figure 4. The data
showed that the absorption intensities at 280 nm of
sericin increased after c irradiation. There was a
negligible shift in the absorption wavelength that
depended on the irradiation dose. In general, UV
absorbance spectroscopy responds to changes in the
environment of the tryptophan and tyrosine residues

Figure 2 SDS–PAGE analysis of sericin samples c-irradi-
ated at 0, 5, 10, 50, 100, 150, or 200 kGy. M indicates
standard markers, and the numbers on the left side indicate
the molecular weights of the standard markers.

Figure 3 Contents of the secondary structural conformations from the far-UV CD spectra of sericin samples c-irradiated
at 0, 5, 10, 50, 100, 150, or 200 kGy.
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and, hence, to changes in tertiary structure. There-
fore, the change in the absorption intensities at
280 nm indicated that the aromatic amino acid resi-
dues were more unfolded by c irradiation.

Changes in the FTIR spectrum of sericin
after c irradiation

The FTIR spectrum of the irradiated sericin is pre-
sented in Figure 5. In general, the peptide group
of the proteins shows nine characteristic bands
called amides A, B, I, II, III, IV, V, VI, and VII in the
FTIR spectrum.29 It was reported that amide I (1600–
1700 cm�1) is the most intense absorption band of
proteins and is primarily governed by the stretching

vibration of the C¼¼O (70–85%) and CAN (10–20%)
groups. Amide II (1510–1580 cm�1) is mainly
derived from in-plane NAH bending. The rest of the
potential energy arises from the CAN and CAC
stretching vibrations. The peaks in the region 3000–
3500 cm�1 are amide A and amide B bands associ-
ated with NAH stretching vibrations.30 In these
results, the peaks of sericin found in the regions
1600–1700, 1510–1580, and 3000–3500 cm�1 con-
firmed the presence of the amide I, II, A, and B
bands. The other peaks were also found in the
fingerprint region of 1500–400 cm�1. The FTIR peaks
of the sericin prepared in this study were very
similar to those of sericin obtained by other re-
searchers.31,32 Also, Kojthung et al.33 reported that c
irradiation did not change the FTIR peak of fibroin
in the range 100–1000 kGy because the c irradiation
did not alter the primary structure of the poly-
peptide arrangement. In this study, irradiated sericin
also had a pattern in the FTIR spectra similar to
that of the unirradiated sericin. Therefore, we
concluded that the c radiation did not affect the pri-
mary structure of the polypeptide arrangement on
the sericin protein.

Changes in the DPPH radical scavenging
capacity of sericin with c irradiation

DPPH, a stable free radical with a characteristic ab-
sorption at 517 nm, was used to study the radical

Figure 4 UV absorption spectra of sericin samples c-irradiated
at 0, 5, 10, 50, 100, 150, or 200 kGy.

Figure 5 FTIR spectra of sericin samples c-irradiated at 0, 5, 10, 50, 100, 150, or 200 kGy.
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scavenging effects of sericin. In previous studies,
Kato et al.34 reported that sericin completely inhib-
ited lipid peroxidation, and Wu et al.7 also provided
evidence of the antioxidant activity of sericin by
DPPH assay. Therefore, the antioxidant activity of
high-molecular-weight sericin was investigated by
irradiation. The DPPH radical scavenging capacity
of the c-irradiated sericin is shown in Figure 6. The
DPPH radical scavenging capacity of sericin in-
creased and was dependent on the irradiation dose,
but the sericin irradiated at 200 kGy showed a lower
antioxidant activity compared to that at 150 kGy.
When the sericin solution was irradiated at a dose
of 150 kGy, the DPPH scavenging capacity was
increased from 34.7 to 89.9%. Although the effect
of irradiation on the antioxidant activity of proteins
has not been studied, irradiation could increase
the antioxidant properties of various foods and natu-
ral extracts, such as green tea leaf extract,35 phytic
acid,36 and soybean.37 In this study, c irradiation
also increased the DPPH radical scavenging capacity
of sericin through structural change, as shown in the
CD results and UV spectra.

Changes in the tyrosinase inhibitory activity
of sericin with c irradiation

Tyrosinase is responsible for the biosynthesis of
melanin in human skin, and tyrosinase inhibitors
have important roles in the cosmetics industry because
of their skin-whitening effects.38,39 The inhibitory
effect of c-irradiated sericin on tyrosinase is shown
in Figure 7. Although unirradiated sericin had a
tyrosinase inhibition effect, the c-irradiated sericin
showed a much stronger inhibitory activity on tyro-
sinase than the unirradiated sericin. The inhibitory
effect on tyrosinase increased and was dependent on

the irradiation dose. When the sericin solution was
irradiated at a dose of 200 kGy, the tyrosinase inhib-
itory activity was increased from 10.6 to 31.4%.
Amino acids, peptides, and proteins can inhibit

tyrosinase activity by means of more complicated
mechanisms, including reactions with intermediates
and quinines39 and the formation of stable Cu2þ

chelates,40,41 and they have different pathways
because of their structure, composition, and molecu-
lar weight.42 It has also been reported that silk
sericin inhibited tyrosinase.33 From our results, we
concluded that c irradiation changed the molecular
structure of sericin, which resulted in an increase in
its physiological activities.

CONCLUSIONS

Sericin was prepared from a boiled solution of silk
cocoons and was irradiated with a Co-60 c irradiator
to produce a high-molecular-weight sericin. The
structural and physiological properties of the irradi-
ated sericin were characterized and evaluated. The
GPC and SDS–PAGE results showed that the molec-
ular weight of sericin increased and were dependent
on the irradiation dose. The CD analysis showed
that the ratio of a helixes decreased, but the ratio of
b sheets and random coils increased as the irradia-
tion dose increased. The FTIR spectrum of the irradi-
ated sericin was similar to that of the unirradiated
sericin, without any notable changes in the func-
tional group status. Also, the biological activities of
sericin, such as antioxidant and tyrosinase inhibitory
activities, increased with c irradiation. From these
results, we believe that irradiation was an effective
method for producing high-molecular-weight sericin
and could be used to develop functional foods
and cosmetics. However, further studies should be
carried out to elucidate the relationship between the

Figure 6 Radical scavenging activity of sericin samples c-
irradiated at 0, 5, 10, 50, 100, 150, or 200 kGy. The
bars represent the means and standard deviations. The let-
ters indicate a statistically significant difference versus the
control (P < 0.05).

Figure 7 Tyrosinase inhibitory activity of sericin samples
c-irradiated at 0, 5, 10, 50, 100, 150, or 200 kGy. The
bars represent the means and standard deviations. The
letters indicate a statistically significant difference versus
the control (P < 0.05).
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molecular structure and physiological activities of
sericin.
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