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To evaluate the usability of silk protein (sericin, SC) as a sustained-release material, the physicochemical
properties of SC and the release profiles of model drugs from SC gel, sponge and film were studied. Heat aids the
dissolution of SC. The molecular weight of SC tended to decrease as the heating temperature and heating time
increased. The gel and sponge formed by SC were moldable and consisted of high molecular weight SC polymers
(250 kDa and about 400 kDa). SC film was easily broken and exhibited elastic distortion. The addition of mois-
ture-retaining plasticizer (glycerin and sorbitol) improved the film-forming characteristics of SC. The results
suggested that SC is practical as a moldable gel and sponge, and as a tensible film. To evaluate the release profiles
of small molecules, fluorescein isothiocyanate-dextran ((1) FD4, 4 kDa and (2) FD70, 70 kDa) were used as two
model drugs with significantly different molecular weights, and fluorescein isothiocyanate-albumin ((3) FA,
66 kDa) was used as a charged drug. Each was formulated in SC gel, sponge and film. In each preparation, the
release rate of the model drugs tended to be FA<FD70<FD4. FA, which has a large molecular weight and nega-
tive charge, was released for the longest period of time (=1 week) from each preparation. The results suggest
that SC is usable as an aqueous sustained-release material for high molecular weight drugs. Furthermore, if the
drug is charged, its release can be sustained for an extended time.
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Sericin (SC) is a component of silk protein in the silk-
worm cocoon. Silk protein consists of fibroin as the fiber and
SC as the glue. SC comprises 25—30% of the silkworm
(Bombyx mori) cocoon.” Although SC is composed of 18
different amino acids, it contains a high number of polar side
chains with hydroxyl, carboxyl and amino groups." Isolation
and characterization of SC components from the cocoon of
Bombyx mori showed that SC primarily consists of three
polypeptides with molecular weights of 150, 250 and 400
kDa. The phenylthiocarbamyl (PTC) method® showed that
the amino acid compositions of all three SC have high con-
tents of serine (Ser, 33.2—39.0%), glycine (Gly, 14.1—
16.0%) and aspartic acid/asparagine (Asp/Asn, 11.3—
15.7%). The structural analysis and cloning of SC genes Ser1
and Ser2 (Src-2) have been described.>® Correspondence of
the amino acid composition of SC with these genes sug-
gested that the 150- and 400-kDa SCs correspond to Serl
proteins (77—331 kDa) encoded by the Serl gene, and that
the 250-kDa SC corresponds to S-2 protein (227kDa) en-
coded by the Src-2 gene.? The most abundant component is
the largest SC (400kDa), which corresponds to the Ser1C
protein (331kDa).? A repetitive 38-amino acid sequence rich
in Ser (40%) dominates a large part of the Ser1C protein and
is predicted to have a strong tendency to form [-sheet struc-
ture. Another part of the Ser1C protein is hydrophilic and has
a high content of charged residues including acidic (glutamic
acid (Glu) and Asp) and basic (lysine (Lys) and arginine
(Arg)) amino acids.® In contrast, the 250-kDa SC polypep-
tide, which corresponds to S-2 protein (227 kDa), has less -
sheet forming propensity and higher hydrophilicity than the
150- and 400-kDa polypeptides. This is because the 250-kDa
SC contains larger amounts of -sheet breaking residues like
Glu, glutamine (Gln) and Lys, and smaller amounts of S-

* To whom correspondence should be addressed.

e-mail: ayumu_nishida@pharm kissei.co.jp

sheet favoring residues like threonine (Thr) and tyrosine
(Tyr) compared to the 150- and 400-kDa SCs.?

Historically, sericulture was widely carried out to support
the silk spinning and weaving industry in Japan. SC was de-
graded into low molecular weight fragments by a silk scour-
ing process and released as a waste product.” However, re-
cent progress in transgenic technology has produced strains
of transgenic silkworms that secrete recombinant proteins
such as vaccines and cytokines in the SC of their cocoons.”®
Furthermore, the modification of silk protein properties by
transgenic silkworms is now being attempted. Takabayashi
reported the applicability of silk fibroin, expressed with a
cell attachment factor, in the construction of biocompatible
and biodegradable artificial blood vessels.”!? Thus, modified
silk protein as a functional material and a generator of re-
combinant protein is a promising new direction in the field of
sericulture.

In a study of the application of SC as a biomaterial, SC
was reported to enhance the attachment of cultured human
skin fibroblasts.'" In addition, SC hydrogel sheets containing
a mixture of water and ethanol, as well as SC cream, hold
promise as practical dressings for wound healing.'*!® SC has
moisturizing, antioxidant and UV-resistant effects'-'*~19 and
is expected to have highly biocompatible properties.

For injection and implantation, several other biocompati-
ble and biodegradable sustained-release materials are being
or have already been developed. For example, synthetic poly-
mers such as poly (lactic-co-glycolic acid) (PLGA) and natu-
ral polymers like gelatin and chitosan are being investi-
gated.'” 2 Although these biocompatible and biodegradable
materials have excellent characteristics and are indispensable
as drug delivery systems, they suffer from several potential
drawbacks including poor compatibility with certain drugs,
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the inevitable need to use large amounts of organic solvent
and toxic cross-linker during their preparation, and dangers
related to bovine spongiform encephalopathy (BSE). It is
thus necessary to widen the number of biocompatible sus-
tained-release materials in the near future. Although SC in
various forms may be a promising biocompatible material,
drug release from SC materials, the effect of the physical
state of the SC material, the molecular weight of SC, and the
effect of the characteristics of the drugs all remain largely
unstudied.

The present study aimed to use SC as an aqueous sus-
tained-release material for the preparations of gel, sponge
and film practical for use as medical dressing films, ointment
bases, injectable gels, and implants. First, the physicochemi-
cal properties of SC, such as molecular weight and solubility,
the moldablity of SC gel and sponge, and the tensibility of
SC film were evaluated. SC film was found to break easily
and exhibited elastic distortion, making its use impractical.
Improvement of the film-forming properties and tensibility
of SC film by the addition of plasticizers such as glycerin
(GL), sorbitol (ST) and polyethylene glycol (PG) were exam-
ined. Furthermore, to evaluate the usability of SC as a sus-
tained-release material, the release properties of three model
drugs with different molecular weights and charge were
measured in SC gel, sponge and film.

Experimental

Materials Sericin Hope SHC (SC purity is 98.5%, Kougensha Co.,
Ltd., Nagano, Japan) was used as the source of intact SC. Fluorescein isoth-
iocyanate-dextran (FD4, 4kDa and FD70, 70kDa) were used as model
drugs having different molecular weights, and fluorescein isothiocyanate-al-
bumin (FA, 66kDa) was used as a charged model drug (Sigma-Aldrich
Japan Co., Ltd., Tokyo, Japan). Glycerin (GL, Wako Pure Chemicals Indus-
tries Ltd., Osaka, Japan), p-sorbitol (ST, Mitsubishi-Kagaku Foods Co., Ltd.,
Tokyo, Japan) and PEG-400 (PG, Wako Pure Chemicals Industries Ltd.)
were used as plasticizers in the SC films.

Preparation of SC Solution, Gel, Sponge and Film Table 1 shows the
conditions used to prepare the SC solutions (SCS-1, SCS-2, SCS-3 and
SCS-4). SC (1 or 2%) was dissolved in purified water using various temper-
atures and heating times (100 °C for 20 min, 100 °C for 60 min and 120 °C
for 20 min). An autoclave apparatus (HA300MS, Hirayama Manufacturing
Corporation, Saitama, Japan) was used to dissolve SC at 120 °C. As SC so-
lutions contain some insoluble SC and other particulates, each SC solution
was centrifuged at 3000 rotations/min for 5 min to remove the insoluble ma-
terial, then cooled to room temperature.

To evaluate the physicochemical properties of the SC preparations, SC
gel, sponge and film were made from these SC solutions. To prepare SC gel,
each SC solution was kept at 5°C for 1d. To prepare insolubilized SC
sponge, each SC solution was frozen at —80 °C for 1d to cause ice nuclei to
form and grow, resulting in dehydration of the SC phase.?"” SC sponge was
thawed at room temperature for about 30 min just before use. To prepare SC
film, each SC solution was cast on a polyethylene dish and dried. To improve
the film-forming properties and tensibility of SC film, the effect of the addi-
tion of plasticizer (GL, ST and PG) was examined. Table 2 shows the formu-
lations of the SC films containing each plasticizer. ST, GL or PG was dis-

Table 1. Preparation Conditions of the SC Solutions
Sample SC9 Heating Hgatlng .
solution %) temperature time Medium
O (min)

SCS-1 1 100 20

SCS-2 1 100 60 Purified
SCS-3 1 120 20 water
SCS-4 2 100 20
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solved into SCS-4 to a final concentration of 0.25, 0.5 and 1.0%. SCS-4
(40 ml) with ST, GL or PG, or without any plasticizer, were each cast on
10 cmX 10 cm polyethylene dishes and dried at 25°C/30% RH for 1d. The
dried films were used after aging at 25 °C/60% RH.

To evaluate their drug release properties, SC gel, sponge and film individ-
ually containing one of the three model drugs (FD4, FD70 or FA) were pre-
pared. Table 3 shows the formulations of SC gels, sponges and films con-
taining each model drug. Each model drug was dissolved in SCS-1
(0.5 mg/ml). SCS-1 containing each model drug (2 ml) was dispensed into a
cylindrical glass vessel with an inner diameter of 23 mm. To prepare SC
films (F-FD4, F-FD70 and F-FA), SCS-1 containing each drug was dried at
40 °C for 1d in the vessels. To prepare SC gels (G-FD4, G-FD70 and G-FA),
SCS-1 containing each drug was cooled at 5°C for 1d in the vessels and
brought to room temperature before use. To prepare SC sponge (S-FD4, S-
FD70 and S-FA), SCS-1 containing each drug was frozen at —80 °C for 1d
in the vessels and the sponge was formed by thawing the preparation at
room temperature for about 30 min and removing the free water just before
use.

Physico-Chemical Properties. Determination of Molecular Weight of
SC The molecular weight of SC dissolved under various heating condi-
tions (SCS-1, SCS-2 and SCS-3 in Table 1) was determined by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The SC solu-
tions were electrophoresed on 10% polyacrylamide gels (C10L, ATTO Cor-
poration, Tokyo, Japan) and the proteins were stained with Coomassie Bril-
liant Blue R-250.

Solubility of SC  The concentration of SC dissolved under various heat-
ing conditions (SCS-1, SCS-2 and SCS-3 in Table 1) was obtained by di-
rectly measuring the weight of the solid content after drying each SC solu-
tion.

Table 2. Formulations of SC Film with and without Plasticizer
Weight per batch® (mg)
Formulation
SC solution Plasticizer

F-NC SCS-4 40000” —

F-GL 0.25% 100
F-GL 0.5% SCS-4 40000" GL 200
F-GL 1.0% 400
F-ST 0.25% 100
F-ST 0.5% SCS-4 40000” ST 200
F-ST 1.0% 400
F-PG 0.25% 100
F-PG 0.5% SCS-4 40000” PG 200
F-PG 1.0% 400

a) SCS-4 films with plasticizer and without were cast on 10 cmX 10 cm polyethylene

dishes. b) Water was removed by a drying process.
Table 3. Formulations of SC Gel, Sponge and Film Containing Model
Drugs
Weight per unit (mg)
Formulation
SC solution Model drug
G-FD4 FD4 1
SC gel G-FD70  SCS-1 2000 FD70 1
G-FA FA 1
S-FD4 FD4 1
SC sponge  S-FD70 SCS-1 2000 FD70 1
S-FA FA 1
F-FD4 FD4 1
SC film F-FD70 SCS-1 2000% FD70 1
F-FA FA 1

a) Concentration of SC powder loaded into water.

a) Water was removed by a drying process.
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Molding Property of SC Gel and Sponge To evaluate the molding
property of SC gel and sponge, the appearance of SC gels and sponges was
observed visually and by scanning electron microscopy (SEM, JSM-5200LV,
JEOL, Tokyo, Japan). The compressive strength of SC gels was measured
with a RHEO METER CR200D (Sun Scientific Co., Ltd., Tokyo, Japan). SC
gels were compressed in cylindrical vessels with an inner diameter of 30 mm
and with a depth of 20 mm at a speed of 40 mm/min using a disk 20 mm in
diameter.

Film-Forming Properties and Tensibility of SC Films To evaluate the
film-forming properties of SC, the surface structure of SC films was ob-
served by SEM. The elongation and tensile strength of SC films with GL,
ST or PG, and without plasticizer, were measured. Based on the test condi-
tions of Teramoto et al., SC films were cut into 20 mm X5 mm pieces, set
with a gauge length of 10mm, and stretched at 20 mm/min in a RHEO
METER CR200D. The elongation and tensile strength of moistened SC
films was measured by the same methods used for dried SC films 2 min after
spraying with phosphate-buffered saline (PBS, pH 7.4).?2

Moisture Content of SC Films The moisture content of SC films was
measured by loss on drying (LOD) using an IR Moisture Determination Bal-
ance (FD-610, Kett, Tokyo, Japan) following drying at 120 °C for 20 min.

Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FT-IR) Analysis of SC Films To analyze the secondary
structure of SC protein, ATR-FT-IR spectra of the surface of SC films with
GL, ST or PG, and without plasticizer, were obtained using an ATR-FT-IR
spectrometer (IR Prestige-21, Shimadzu Corporation, Kyoto, Japan) at a res-
olution of 4cm™!. All samples and backgrounds were scanned 45 times.
ATR measurements were performed using a single-reflection diamond ATR
attachment (DurasamplIR II, SensIR Technologies, Danbury, CT, U.S.A.).

Release Profiles of Model Drugs from SC Gel, Sponge and Film SC
gel, sponge and film (respective thicknesses, 50 mm, 50 mm and 30—
70 um) containing one of the model drugs (FD4, FD70 or FA) were placed
in test tubes (23-mm inner diameter) for the dissolution tests (Table 3). PBS
(5ml, pH 7.4) was added in the test tubes and the contents were incubated at
37°C.

To measure the release rate of FD4 and FD70 from SC preparations in
PBS, fluorescence absorbance (Ex 493 nm, Em 515 nm) of released FD4 and
FD70 was detected with time using a fluorescence spectrophotometer (Spec-
tra Max, Molecular Devices, Sunnyvale, CA, U.S.A.). To measure the re-
lease rate of FA from SC preparations in PBS, UV absorbance of released
FA was detected at 495 nm with time using a UV spectrophotometer (UV-
2500PC, Shimadzu Corporation, Kyoto, Japan).

Results and Discussion

Physico-Chemical Properties. SC Solution Four differ-
ent SC solutions were obtained by dissolving SC in purified
water using various conditions of temperature and heating
time (Table 1). Two polypeptide bands, one of 250 kDa and
one of higher molecular weight, were mainly observed in
SCS-1 (100 °C for 20 min, A) and SCS-2 (100 °C for 60 min,
B), and a diffuse band around 100 kDa was observed in SCS-
3 (120°C for 20 min, C) by SDS-PAGE (Fig. 1). The bands
at 250kDa and the larger molecular weight band correspond
approximately to the 180- to 250-kDa and 400-kDa bands of
intact SC reported by Takasu et al.” and Teramoto et al.*®
The bands obtained from SCS-2 (B) and particularly from
SCS-3 (C) tended to become diffuse, indicating a wide distri-
bution in molecular weight and the presence of smaller mole-
cules, suggesting that SC degraded into lower molecular
weight fragments with increasing temperature and heating
time. This is consistent with the results of Teramoto et al.,
who suggested, based on *C-NMR spectroscopy data, that
SC Asp residues might be hydrolyzed preferentially during
heat treatment.?” In addition, Mase et al. reported that hy-
drolytic degradation of SC in solution occurred between
110°C and 120°C.**

The concentration of dissolved SC polypeptides (SCS-1,
SCS-2 and SCS-3) was respectively about 0.6, 0.8 and 1%
(Fig. 2). Because SC was degraded by heat in the order SCS-
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1<SCS-2<SCS-3 (Fig. 1), degraded SC apparently dis-
solves, increasing the concentration of dissolved SC compo-
nents. The concentration of dissolved SCS-4 was about
1.2%. Therefore, to obtain SC with predictable concentration
and molecular weight, the heating conditions used to dissolve
SC should be regulated.

SC Gel and Sponge The moldability of SC gels and
sponges made from various SC solutions (SCS-1, SCS-2 and
SCS-3) indicated that SC gel and sponge from SCS-1 and
SCS-2 tended to maintain their original shapes better than
SCS-3 (Figs. 3A, B). Furthermore, the compressive strength
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Fig. 1. SDS-PAGE Patterns of SC Dissolved under Various Dissolution
Conditions (A: 100°C for 20min; B: 100°C for 60 min; C: 120°C for
20 min)

M: Molecular weight markers.
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Fig. 2. Concentration of SC Dissolved under Various Dissolution Condi-
tions (SCS-1: 100 °C for 20 min; SCS-2: 100 °C for 60 min; SCS-3: 120°C
for 20 min)

Solutions were prepared from 1% (w/w) SC in water. Statistical comparison was
made by two-sided #-test (¢=0.05). * p<<0.01.

SCS-1  SCS-2 SCS-3

Fig. 3. Photographs of SC Gel (A), Sponge (B) and Film (C) from SC So-
lutions Prepared Using the Various Dissolution Conditions (SCS-1: 100 °C
for 20 min; SCS-2: 100 °C for 60 min; SCS-3: 120 °C for 20 min)

Arrowhead: deformed part in the gel or sponge.
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of SC gel was SCS-3<SCS-2<SCS-1 (Fig. 4). Analysis of
the amino acid composition of SC showed that high molecu-
lar weight SC (400 kDa) corresponds to Ser1C protein coded
by the Serl gene.? A repetitive 38-amino acid sequence rich
in Ser dominates a large part of SerlC and is predicted to
have high propensity for forming [-sheet structures with
strong intermolecular hydrogen bonds, thereby producing the
network structure of the hydrogel.® In this study, the amount
of high molecular weight SC (400kDa) increased in the
order SCS-3<SCS-2<<SCS-1 (Fig. 1), suggesting that gels
containing larger amounts of 400-kDa SC withstood higher
mechanical stress better than gels made from lower molecu-
lar weight SC. The results indicate that SCS-1 (dissolution
condition: 100 °C for 20 min) is suitable for the preparation
of moldable materials with enough mechanical strength to
allow study of the release of model drugs.

SC Film SC films were prepared from SCS-1, SCS-2,
SCS-3 and SCS-4 (Table 1). Films made of SC alone exhib-
ited elastic distortion and were easily broken during the dry-
ing process, showing that their use is not practical (Fig. 3C).
To improve the film-forming properties and tensibility of SC
film, GL, ST or PG were added as a plasticizer (Table 2).
Figure 5 shows SEM photographs of dried SC films with GL
(A), ST (B) or PG (C), and without plasticizer (D). Although
SC film without plasticizer exhibited elastic distortion and
easily cracked, the SC films containing GL, ST or PG exhib-
ited improved film-forming properties (Fig. 5).

ATR-FT-IR analysis was used to analyze the change in SC
film properties. The amide absorption of FT-IR is influenced
sensitively by the secondary structure of the protein, and
amide I absorption (IR cm™': 1700—1600 region) is the
most useful band for the determination of secondary struc-
ture.”® Amide I absorption primarily represents the C=0
stretching vibration of the amide group.’® ATR-FT-IR analy-

4000
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Stress (Pa
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Fig. 4. Compressive Strength of SC Gels from SC Solutions Prepared
Using the Various Dissolution Conditions (SCS-1: 100 °C for 20 min; SCS-
2: 100 °C for 60 min; SCS-3: 120 °C for 20 min)

Each bar represents the mean=S.D. (n=3). Statistical comparison was made by two-
sided r-test (¢=0.05). = p<<0.01.

1ooum | S.0KU X200

s.0kU X200

Fig. 5. SEM Photographs of SC Film Containing GL (F-GL 0.25%, A),
ST (F-ST 0.25%, B), PG (F-PG 0.25%, C), and Not Containing Any Plasti-
cizer (F-NC, D) at 200-Fold Magnification

Scale bar shows 100 um. * Surface of film. Arrowhead: crack in film.

1483

sis showed that the secondary structure of SC in dried SC
film, and in solution comprised of SC alone, is largely ran-
dom coil (IR cm™': 1641).2?” Moistened SC film and gel
were reported to exhibit S-sheet structure (IR cm™':
1618).2*2" In addition, the tensibility of moistened SC film
was improved compared with dried film.>? In the present
ATR-FT-IR analysis of SC films, the peak around 1618 cm ™!
became higher and sharper if GL, ST or PG were added (Fig.
6). These results suggest that the secondary structure of SC
in films containing GL, ST or PG was changed to [-sheet
structure, as with moistened SC film and gel.

Figure 7 shows the elongation and the tensile strength of

1641 1618
N ¥

A

F-GL 0.5%

F-ST 0.5%

F-PG 0.5% /\/\

NN

F-NC e
T 7
1650 1500
cm?

Fig. 6. ATR-FT-IR Spectra of SC Film Containing GL (F-GL 0.5%), ST
(F-ST 0.5%), PG (F-PG 0.5%), and Not Containing Plasticizer (F-NC)

1

The solid line shows IR ¢cm™': around 1618. The broken line shows IR cm™!: around

1641.
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Fig. 7. Elongation (a) and Tensile Strength (b) of Dried SC Films Contain-
ing Various Concentrations of GL (F-GL 0.25%, F-GL 0.5% and F-GL
1.0%), ST (F-ST 0.25%, F-ST 0.5% and F-ST 1.0%), or PG (F-PG 0.25%,
F-PG 0.5% and F-PG 1.0%), and Not Containing Plasticizer (F-NC)

N.S., not stretched; U.C., unable to carry out. Each bar represents the mean=S.D.

(n=3). Statistical comparison was made by two-sided #-test (¢=0.05). * p<<0.05: signif-
icant difference versus F-NC, s p<<(0.05.
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Fig. 8. Moisture Content of Dried SC Films Containing Various Concen-
trations of GL (F-GL 0.25%, F-GL 0.5% and F-GL 1.0%), ST (F-ST 0.25%,
F-ST 0.5% and F-ST 1.0%), or PG (F-PG 0.25%, F-PG 0.5% and F-PG
1.0%), and Not Containing Any Plasticizer (F-NC)

Statistical comparison was made by two-sided #-test (¢=0.05). * p<<0.05: significant
difference versus F-NC, ## p<<0.05.

dried SC films containing GL, ST or PG. The elongation of
dried SC films tended to increase up to 170—400% with in-
creasing GL and ST content. These results suggest that the
allowable elongation of SC film containing GL or ST can be
up to 400% (Fig. 7a). On the other hand, the tensile strength
decreased with increasing GL and ST content (Fig. 7b). Both
the film-forming characteristics and tensibility of SC films
were improved by the addition of GL or ST. Even 0.25% GL
or ST in SC films improved the film-forming properties and
tensibility sufficiently to make the films practical for use. In
contrast, SC films containing PG tore easily and were diffi-
cult to stretch (Fig. 7a), even though the film-forming proper-
ties were improved (Fig. 5C). The SC films containing PG
(F-PG 0.25% and F-PG 1.0%) or not containing plasticizer
(F-NC) could not be tested due to the weakness of the films.

The moisture content of dried SC films containing GL, ST
or PG was measured (Fig. 8). The addition of GL or ST en-
hanced moisture retention by SC film. In contrast, the addi-
tion of PG tended to decrease the moisture content of SC
film. The moisture content was found to correlate with the
elongation of SC film. Thus, to obtain a practical film with
good film-forming characteristics and tensibility, the SC
should be in f-sheet conformation and the film should have
sufficient moisture content; this can be achieved by adding
0.25—0.5% GL or ST.

The elongation properties of SC film moistened with PBS
tended to decrease at the highest content of each plasticizer
studied, although there was no significant difference in elon-
gation at any concentration of GL between 0.25 and 0.5%
ST, or between 0.25 and 0.5% PG (Fig. 9a). The tensile
strength of these films tended to decrease with increasing
content of plasticizer, although there was no significant dif-
ference between 0.25 and 0.5% ST (Fig. 9b). These results
suggest that the plasticizers dissolved from the moistened SC
film in PBS and caused the film to swell, resulting in low me-
chanical strength. Thus, adding a lower concentration of GL
or ST (0.25%) is more useful for preparing both moistened
and dry tensible film for practical use in both the moistened
and dried condition.

Release Profiles of Model Drugs from SC Gel, Sponge
and Film To evaluate the release properties, SC gel,
sponge and film were prepared in cylindrical glass vessels
(Table 3). The release rates of the three model drugs (FD4,
FD70 and FA) from SC preparations in PBS (pH 7.4) were
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Fig. 9. Elongation (a) and Tensile Strength (b) of Moistened SC Films
Containing Various Concentrations of GL (F-GL 0.25%, F-GL 0.5% and F-
GL 1.0%), ST (F-ST 0.25%, F-ST 0.5% and F-ST 1.0%), or PG (F-PG
0.25%, F-PG 0.5% and F-PG 1.0%), and Not Containing Any Plasticizer (F-
NC)

SC films were moistened with PBS (pH 7.4). U.C.: unable to carry out. Each bar rep-
resents the mean*S.D. (n=3). Statistical comparison was made by two-sided r-test
(a=0.05). * p<<0.05: significant difference versus F-NC, ## p<<0.05.

measured. The original shapes of the SC preparations were
maintained in the early stages of the dissolution test, then
gradually disintegrated or eroded during further incubation in
the dissolution medium. In the model structure of hydrated
SC generated from '>C solid state NMR data, Ser and Thr
linkages are involved in hydrophobic f-sheet and random
coil structure formation in the hydrated state, and the Asn-
rich sequences form a hydrophilic region.?” In the degrada-
tion or erosion of SC preparations, the hydrophilic regions
containing Asp residues in the sequence could be the cause
of the easy hydrolytic degradation.”*

Figure 10 shows the release profiles of FD4, FD70 and FA
from each SC preparation. The release rate of the model
drugs tended to be FA<FD70<FD4. Large molecular weight
FD70 (70 kDa) was released more slowly than small molecu-
lar weight FD4 (4 kDa) from SC film. FA (66 kDa) was re-
leased the slowest, for a period of 1 week or more from each
preparation (Figs. 10a—c), even though the molecular
weights of FA and FD70 are almost the same. Kang and
Song reported that, in their study of the release of drugs from
chitosan, negatively charged FA was easily bound to amino
groups in chitosan, allowing the sustained release of FA from
a chitosan hydrogel.?® The isoelectric point (pI) of FA is
4.7—4.9, so FA is negatively charged in PBS (pH 7.4). On
the other hand, FITC-dextran is an uncharged compound.
Amino acid composition analysis of SC by the PTC method
showed that SC contains 18 different amino acids, of which
about 70% are polar amino acids. Of these 70%, about 40%
are neutral amino acids like Ser and Thr, about 20% are
acidic amino acids like Asp/Asn and Glu/Gln, and about
10% are basic amino acids like Lys, Arg and His.>'® Two-di-
mensional electrophoresis indicates that the pI of SC in solu-
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Fig. 10. Release Profiles of FD4 (O), FD70 (A) and FA (<) from SC Gel (a), Sponge (b), or Film (c) in PBS (pH 7.4) at 37 °C

Each bar represents the mean*+S.D. (n=3).
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Fig. 11.

Each bar represents the mean=S.D. (n=3).

tion is between 5 and 6,%” suggesting that SC is also nega-
tively charged at pH 7.4. However, the secondary structure of
SC changes from hydrophilic random coil conformation in
solution to hydrophobic f-sheet structure in gel or moistened
film.? Structural analysis of the Serl gene coded major SC
proteins (S1 proteins) indicated that S1 proteins consist of
the repetitive subunits of 8 peptides. The large peptides (pep-
tides 6 and 8) are rich in Ser (40%) and form hydrophobic S-
sheet structures through hydrogen bonds between the OH
groups of the Ser and Thr side chains and the C=0 groups
of the backbone of adjacent strands.®?” On the other hand,
SC has a hydrophilic region (peptide 3) containing charged
residues (Glu+Asp=13%, and Lys+Arg=15%) between the
hydrophobic sequence and the f-sheet.® In this study, be-
cause SC was in the solid state as a gel, sponge and film in
PBS (pH 7.4), the SC preparations were expected to form S-
sheet structures and to contain charged residues in the hy-
drophilic region, analogous to peptide 3. We therefore be-
lieve that negatively charged FA interacts ionically with posi-
tively charged residues like Lys (pl: 9.75) and Arg (pI: 10.76)
in SC preparations in PBS (pH 7.4), thereby sustaining
longer release of FA from SC preparations compared to un-
charged FD4 and FD70.

Figure 11 shows the effect of the SC form (gel, sponge or
film) on the release of each model drug. FD4 (a) was re-
leased rapidly from each SC preparation. The release rate of
FD70 (b) was film<<gel<<sponge. There was no significant
difference in the release rate of FA (c) from the three SC
preparations.

Of the three SC preparations, the sponge form disinte-
grated most easily during the dissolution test. SEM observa-
tion of SC film showed that the surfaces of SC films were
smooth, and no pores were evident in film cross-sections

Release Profiles of FD4 (a), FD70 (b) and FA (c) from SC gel (O), sponge (A), or film (<) in PBS (pH 7.4) at 37 °C

10kV X1,000

5.0kU X580

12pm

Fig. 12. SEM Photographs of SC Film (A) and Freeze-Dried Sponge (B)
Made from SCS-1, at 1000-Fold or 50-Fold Magnification

Scale bar shows 10 um at 1000-fold magnification in A and 500 um at 50-fold mag-
nification in B. SF, surface of film; CS, cross-section of film.

(Fig. 12A). On the other hand, many pores were observed in
SC sponge (Fig. 12B). These observations suggest that drugs
might easily diffuse from the pores in SC sponge into the dis-
solution medium. In SC gel, SC adopts a S-sheet structure
that constructs the network structure of the hydrogel.®*® This
allows the gel to retain a large amount of water, possibly al-
lowing larger molecular weight drugs like FD70 to be re-
tained in the gel network structure. In the case of drugs that
interact ionically with the carrier, the diffusion of the drug
may be inhibited, judging from our observation that the ini-
tial release rate of FA from SC preparations was markedly
slower compared to that of FD70 or FDA4.

The present results suggest that SC gel, sponge and film
can be used as a sustained-release material for drugs with
high molecular weight, and if these drugs carry a charge,
their release rate is slower and more prolonged.

Conclusion
The molecular weight of SC tended to decrease with in-
creasing temperature and heating time used to dissolve the
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SC. The gel and sponge formed from high molecular weight
SC (250kDa and about 400 kDa) were moldable. The film
made of SC alone was easily broken and exhibited elastic
distortion. By adding a moisture-retaining plasticizer (GL
and ST), the film-forming characteristics of SC were im-
proved, the secondary structure of the protein changed, and
the tensibility of the film was also improved when the mois-
ture content of the film was increased. The results suggest
that SC is usable and practical as a moldable gel, sponge and
tensible film.

In each preparation, the release rate of the model drugs
tended to be FA<FD70<FD4. FA, which has a large molec-
ular weight and is negatively charged, was released for the
longest period of time (=1 week) from each preparation. The
results indicate that SC is useful as an aqueous sustained-re-
lease material for large molecular weight drugs, and if drugs
are charged, their release can likely be sustained for a still
longer period of time.
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