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In this  study,  methylcellulose  (MC)  was  used  to control  the  gelation  time  of  silk  fibroin  (SF)  aqueous
solution.  The  gelation  time  was  measured  using  a Vibro  Viscometer  at 50 ◦C. Fourier  transform  infrared
spectroscopy  (FT-IR),  scanning  electron  microscopy  (SEM),  and  a  texture  meter  were  used  to  investigate
the  effect  of  MC  on the  hydrogelation  of SF  solution.  SF/MC  hydrogels  could  be  formed  by  the  addition
of  MC,  although  their  gelation  time  was  increased  with  MC  content.  To  examine  the  conformational
change of  SF/MC  hydrogels,  time-resolved  FT-IR  spectra  were  obtained  at constant  temperature  using  a
custom-made  IR  chamber.  From  FT-IR  spectra  focused  on  the  amide  I peak  position,  the  transition  of  SF
molecules  in  SF/MC  solution  from  a random  coil  to  a �-sheet structure  was  inhibited  in  the  presence  of
MC  molecules.  In addition,  the drug  release  of  SF/MC  hydrogels  loaded  with 5-aminosalicylic  acid  was
rug release studied  in  2-dimensional  (2-D)  and  3-dimensional  (3-D)  conditions  in vitro.  The  drug  release  behavior
of  SF  or SF/MC  hydrogels  was measured  using  UV–Vis  spectroscopy.  The  release  rate  of  5-aminosalicylic
acid  in  SF/MC  hydrogel  was  lower  than  that of  SF  hydrogel,  which  may  be closely  associated  with  the
hydrophilic  interaction  between  MC  and 5-aminosalicylic  acid.  This approach  to  controlling  the  sol–gel
transition  and  the  drug  release  of  SF  hydrogels  by  the  addition  of  MC will be  useful in the  design  and
tailoring  of  novel  materials  for  biomedical  applications.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Hydrogels are chemically or physically crosslinked 3-D polymer
etworks with high water content (Lee & Mooney, 2001). Hydrogel
as excellent biocompatibility due to the high water content and
he nature of the polymer. Therefore, hydrogels are widely used
n various biomedical applications, such as drug delivery systems,
ontact lenses, encapsulation materials for immunoisolation-based
ell therapeutics, wound dressings, and tissue engineered scaffolds
West & Hubbell, 1995; Wang, Kluge, Leisk, & Kaplan, 2008; Vos
t al., 2009; Kundu, Poole-Warren, Martens, & Kundu, 2012).

Silk is a natural fibrous protein that is spun into fiber by silk-
orms and spiders. Silkworm silk primarily consists of two  protein

omponents: fibroin and sericin. The pure fibroin component can

e obtained by removing sericin using various degumming con-
itions. Regnerated SF can be fabricated in various forms, such as
els, powders, fibers, and membranes (Li et al., 2002; Shang, Zhu, &
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Fan, 2011; Yao, Masuda, Zhao, & Asakura, 2002; Putthanarat et al.,
2002; Ayutsede et al., 2005; Jin & Kaplan, 2003). SF has been widely
used for cosmetics and food additives, and has recently been found
to have potential in the areas of biomedical science and engineer-
ing due to its distinctive biological properties (Padamwar & Pawar,
2004; Fuji, Takahashi, & Kinouchi, 2000; Motta, Migliaresi Lloyd,
Denyer, & Santin, 2002; Motta et al., 2004). SF has attracted much
attention for its biocompatibility, oxygen and water vapor per-
meability, biodegradability, and minimal inflammatory reactions
in vitro (Sakabe, Ito, Miyamoto, Noishiki, & Ha, 1989; Park et al.,
2001; Santin, Motta, Freddi, & Cannas, 1999). Due to these biolog-
ical properties, SF is promising as a scaffolding material for tissue
engineering. It was previously reported that SF matrices could be
useful for the culture of fibroblasts, osteoblasts and stem cells, and
could enhance the adhesion, growth, and differentiation of the cells
in a manner similar to that of collagen matrices (Cai, Yao, Cui, et al.,
2002; Cai, Yao, Lin, et al., 2002; Min, Jeong, et al., 2004; Karageorgiou
et al., 2004).

It is known that the hydrogelation of SF is accompanied by a

conformational transition from a random coil to a �-sheet struc-
ture in the sol (Matsumoto et al., 2006; Kim et al., 2004). Various
studies have accomplished the variation of the sol–gel transition
of SF solution. The gelation rate of SF solution can be adjusted by

dx.doi.org/10.1016/j.carbpol.2013.07.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.07.028&domain=pdf
mailto:parkwh@cnu.ac.kr
dx.doi.org/10.1016/j.carbpol.2013.07.028


1180 C.H. Park et al. / Carbohydrate Polymers 98 (2013) 1179– 1185

g relea

c
t
A
a
2
n
t
F
D
K

u
a
t
a
s
o
t
D

s
c
o
I
u
t
3
u

2

2

S
(
C

Scheme 1. Schematic diagram of dru

hanging physical or chemical conditions such as concentration,
emperature, and pH (Matsumoto et al., 2006; Kim et al., 2004).
dditives such as salts, metal ions, and surfactants are known to
ccelerate the sol–gel transition of SF aqueous solution (Kim et al.,
004; Wu et al., 2012). SF can be blended with various synthetic or
atural polymers to improve either the properties of hydrogel or
o shorten the gelation rate (Yoo, Kweon, Lee, Lee, & Cho, 2004; Gil,
rankowski, Spontak, & Hudson, 2005; Lv, Hu, Feng, & Cui, 2008;
inerman, Cappello, Ghandehari, & Hoag, 2002; Mandal, Kapoor, &
undu, 2009).

MC  is a hydrophilic cellulose derivative obtained by methylation
sing chloromethane. MC  is widely used as a binding or thickening
dditive in the pharmaceutical, cosmetic, and food industries due
o its temperature-sensitive behavior. The gelation behavior of MC
queous solution is unique in terms of temperature-related inverse
olubility (Lin, Wang, Wei, & Li, 2007). The gelation temperature
f MC  is strongly dependent on the ratio of hydrophobic moiety
o hydrophilic moiety in the MC  backbone (Hirrien, Chevillard,
esbrieres, Axelos, & Rinaudo, 1998; Arisz, Kauw, & Boon, 1995).

We report on the effect of MC  on the gelation of SF aqueous
olution and the release behavior of drug-loaded SF hydrogels. The
onformational changes of the SF solution during the gelation, with
r without MC,  were investigated by time-resolved FT-IR spectra.
n addition, the drug release of SF and SF/MC hydrogels was  studied
sing 5-aminosalicylic acid as a model drug. In order to investigate
he effect of MC  on the drug release from hydrogels, the 2-D and
-D drug release behavior of SF or SF/MC hydrogels was compared
sing UV–Vis spectroscopy.

. Experimental

.1. Materials
Raw 12-denier silk fibers (B. mori) were supplied by Daejeon
angsa Co., Korea. MC (DS = 1.6–1.9) and 5-aminosalicylic acid
mesalamine) (MW  151 Da) were purchased from Sigma–Aldrich
o., and used without further purification.
se (2-, 3-dimensions) in SF hydrogel.

2.2. Preparation of regenerated SF solution

Degummed silk yarn was dissolved in a ternary solvent system
composed of calcium chloride, ethanol, and water (1:2:8 molar
ratio) at 70 ◦C for 4 h, followed by dialysis with cellulose tubular
membranes (250–7 �, Sigma Co.) against distilled water for 3 days
(Min, Lee, et al., 2004). The dialyzed SF solution was centrifuged to
remove the insoluble residues, and the final concentration of the
resultant SF solution was  approximately 2.0 wt%.

2.3. Preparation of SF/MC solution

1 g of MC  powder was  dispersed in 50 mL of distilled water at
90 ◦C, and then cooled down and kept at room temperature for 6 h
with stirring to prepare a clear MC  solution (2 wt%). MC  solution
was mixed with SF solution (2 wt%) under stirring in blending ratios
of 100/0, 70/30, 50/50, and 30/70 (v/v) for a specified period of time.

2.4. Gelation of SF/MC solution

The gelation behavior of pure SF solution was examined at room
temperature, 37 ◦C and 50 ◦C. The gelation time was determined
when the sample did not flow from an inverted vial within 30 s
(Kim et al., 2004). The gelation of SF/MC solution was observed at
50 ◦C.

2.5. Drug release

1 mL  of 5-aminosalicylic acid solution (10 mM in phosphate
buffered saline (PBS) at pH 7.2) was added to 30 mL  of SF solution
or SF/MC solution (MC  content: 0%, 30%, 50%, and 70% in volume
ratio). SF and SF/MC hydrogels loaded with 5-aminosalicylic acid
were then prepared at 37 ◦C and 50 ◦C, respectively. Drug release

was investigated by adding 50 mL  of PBS (pH 7.2) to SF hydrogel or
SF/MC hydrogel in 2-D and 3-D conditions, as shown in Scheme 1.
Drug release (%) was determined using a UV–Vis spectrophotome-
ter (UV-2450, Shimadzu, Japan).
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ig. 1. Change in gelation time of pure SF aqueous solution with temperature.

.6. Characterization

The FT-IR spectra of the pure SF and SF/MC hydrogels were
btained by an Avatar 330 spectrometer (Thermo Nicolet) at a res-
lution of 2 cm−1. A custom-made chamber was also used for the
ime-resolved measurements of the IR spectra of the SF gel sam-
les. The viscosity of an SF/MC solution was measured using a Vibro
iscometer (SV-10, A&D Korea Ltd.) until the gelation was com-
leted. A scanning electron microscope (JSM-7000F Beam Draw,

EOL, Japan) was used to investigate the morphology of the SF
els after freeze-drying. The compressive strength of the SF/MC
ydrogels was measured using a texture meter (TA-XT2i, Stable
icrosystems, Surrey, UK) equipped with a stainless-steel probe

diameter, 5 mm).  Measurements were conducted with a pene-
ration length of 3.0 mm,  a measuring velocity of 1 mm/s, and a
ompressive force of 0.05 N.

. Results and discussion

.1. Gelation of SF aqueous solution
Fig. 1 shows the change in gelation time of pure SF aqueous solu-
ion with respect to temperature. The gelation time of SF aqueous
olution decreased with increasing temperature. The hydrogelation

Fig. 2. SEM images of pure SF hydrogel 
Fig. 3. Gel strength of SF hydrogel with temperature.

of SF is accompanied by a conformational transition from a random
coil structure to a �-sheet structure in the sol. A conformational
transition from a random coil structure to a �-sheet structure was
observed, and the formation of a �-sheet structure in the hydro-
gel was  confirmed by time-resolved FT-IR spectra, as described in
Section 3.3.

The morphology of SF hydrogels was observed by SEM after
freeze-drying at −80 ◦C. Fig. 2 shows the SEM images of the freeze-
dried SF hydrogels prepared at 37 ◦C and 50 ◦C. SF hydrogel showed
sponge-like structure with interconnected pores, regardless of
temperature. Pore sizes in the dried SF hydrogels decreased as the
temperature increased with the same SF concentration. This could
be explained by the increase in intermolecular hydrophobic inter-
action of SF molecules with temperature, resulting in the decrease
in pore size. The compressive strength of SF hydrogels increased
with increases in temperature (Fig. 3). At the same concentration,
SF hydrogels prepared at a higher temperature showed higher gel
strength as a result of the decreased pore size.

3.2. Gelation of SF/MC solution
The time-resolved measurements of IR absorption bands pro-
vided a useful means of monitoring the structural changes of SF as
a function of gelation time (Huang et al., 2013; Shang et al., 2011;

at (a) 37 ◦C and (b) 50 ◦C (×5000).
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Fig. 4. FT-IR spectra change of pure (a) SF and (b) SF/MC(50/50) solution during
gelation at 50 ◦C.

Fig. 5. Changes in the peak position of the amide I band (�-sheet conformation) of
SF/MC solution: SF/MC ratio (a) 100/0, (b) 70/30, (c) 50/50, and (d) 30/70.

Fig. 6. (A) Viscosity data of SF/MC hydrogel; MC contents (a) 0%, (b) 30%, (c) 50%,
and (d) 70%. (B) Gelation time determined from the viscometer.

Fig. 7. Gel strength of SF/MC hydrogels with different MC contents.
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aminosalicylic acid in the SF hydrogel evaluated in 2-D or 3-D at
Fig. 8. SEM images of (a) pure SF gel, (b) SF/MC hydrogel (MC  

oshioka & Tashiro, 2004). Changes in the characteristic absorption
eak of the amide I and II bands of SF hydrogel during gelation at
0 ◦C are shown in Fig. 4a. The characteristic absorption peak of the
ure SF aqueous solution were observed at 1648 cm−1 (amide I),
hich can be attributed to the random coil conformation (Fig. 4a).

nterestingly, this band was shifted to 1628 cm−1 (amide I) during
elation, with the clear appearance of a peak at 1523 cm−1, which
s indicative of structural changes in the SF from the random coil
onformation to the �-sheet conformation. This transition was  also
bserved in the SF/MC solution (50/50, v/v), as shown in Fig. 4b.
hese results confirm that the structural change of SF from random
oil structure to �-sheet structure was not inhibited by the addition
f MC.

Fig. 5 presents the change in the peak position at 1548 cm−1

amide I band) of the SF hydrogel with gelation time as a function
f SF/MC ratio at 50 ◦C. Considering that the gelation starts with an
brupt change in peak position at 1548 cm−1, the gelation time of
F was increased as the MC  content increased up to 50%. The shift
ate in the peak position of the amide I band increased as the MC
ontent in the SF/MC mixture increased. The times to reach the ulti-
ate peak position (1523 cm−1) were lengthened from 26 h to 36 h

s the MC  content increased from 0% to 50% (Fig. 5). SF molecules
ere hydrated with a large amount of water in the solution state.
y dehydration, SF molecules start to interact with each other, and
hus form physical crosslinks, indicating conformational change
rom random coil structure to �-sheet structure (Shang, Zhu, & Fan,
013). MC  forms thermo-reversible hydrogel at 50 ◦C, and gel-to-
ol transition occurs at below that temperature. It is known that
ydrophobic interactions by substituted methyl groups in the cel-

ulose backbone play an important role in the gelation of MC.  The
ehydration rate of MC  was faster than that of SF. Subsequently, SF
olecules were surrounded by more water molecules from the MC

elation process, resulting in increased gelation time of the SF.

The gelation time of SF/MC solutions was  measured by the

hange in viscosity. Fig. 6A shows the change in viscosity of SF/MC
olution with MC  contents. The viscosity of the SF solution started
ts, 30%), and (c) SF/MC hydrogel (MC contents, 70%) (×5000).

to dramatically increase due to the gelation of the SF macromolec-
ular chains. The gelation time was determined from the tangent
line of the viscosity curve. Fig. 6B shows the gelation time deter-
mined from viscosity data as a function of MC content in the SF/MC
solution. The gelation time of SF in SF/MC solution was increased
with increasing MC content. Fig. 7 shows the gel strength of the
SF/MC hydrogel containing different MC  contents, with or with-
out 5-aminosalicylic acid. The gel strength of pure SF hydrogel was
0.056 N, and did not change much with increasing MC content. Also,
the addition of 5-aminosalicylic acid did not affect the gel strength
of SF/MC hydrogels. As described previously, MC  forms a thermo-
reversible gel, which was  changed to a sol state at below 50 ◦C.
Interestingly, SF/MC hydrogel was  maintained even at room tem-
perature, without a decrease in gel strength. In order to investigate
the maintenance of SF/MC hydrogel at lower temperature, the mor-
phology of freeze-dried hydrogels was observed. Fig. 8 shows the
morphology of freeze-dried SF/MC hydrogels. In a pure SF hydro-
gel, fibrillar network structures with small pores were observed.
In contrast, SF/MC hydrogel with higher MC  content (70%) showed
mainly honeycomb-like structure with large pores. In the case of
SF/MC (70/30) hydrogel, the fibrillar networks of SF were combined
with the honeycomb-like structure. It seems that the two differ-
ent network structures were physically connected to each other
(Fig. 8b). This indicates that the combined gel structure supported
the strength of the SF/MC mixed gel.

3.3. Drug release behavior of SF and SF/MC hydrogels

The drug release of SF hydrogel was evaluated in 2-D and 3-
D conditions using 5-aminosalicylic acid a model compound. The
drug release in transdermal patches or wound dressings may  be
similar to 2-D condition. Fig. 9a presents the release profile of 5-
37 ◦C. At 48 h, the % release of 5-aminosalicylic acid was found to
be about 60% in 2-D, while the % release of 5-aminosalicylic acid
was about 80% in 3-D. Also, a burst effect in the early stages was
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Fig. 9. Drug release profile of (a and b) SF and (c) SF/MC hydrogel in MC  contents
(�)  0%, (�) 30%, (�) 50%, and (�) 70%.
ers 98 (2013) 1179– 1185

observed, which could have been due to the lack of interaction
between hydrophobic SF molecules and 5-aminosalicylic acid, a
hydrophilic drug.

The release of a drug from a hydrogel has been reported to
be governed by several factors, such as the nature and molecular
weight of the drug, the degree of crosslinking density, the pore size
of the matrix, and the solvent type. Fig. 9b shows the drug release
profiles of SF hydrogel prepared at 37 ◦C or 50 ◦C (3-D condition).
The release (%) of 5-aminosalicylic acid from SF hydrogel prepared
at 37 ◦C was faster than that from hydrogel prepared at 50 ◦C. At
48 h, the release (%) of 5-aminosalicylic acid from SF hydrogels at
37 ◦C and 50 ◦C were 80% and 55%, respectively. It seems that this
difference in release patterns was closely associated with pore size,
as described previously.

The extent of the initial burst release and duration of the
drug release can be affected by the hydrophobicity of the drug,
the molecular weight of the drug, the intermolecular interactions
between drugs and polymers, and the degradation rate of the poly-
mer  (Moon, Ko, Park, Joo, & Jeong, 2012). Fig. 9c shows the release
profile of 5-aminosalicylic acid in SF/MC hydrogel with different MC
contents (50 ◦C, 3-D condition). The release (%) of 5-aminosalicylic
acid in pure SF hydrogel was 65% at 96 h, whereas the release (%) of
5-aminosalicylic acid in SF/MC mixed gels was  about 55%, regard-
less of MC  content. This can be explained by the differences in
polymer–drug interactions. MC  molecules are more hydrophilic
than SF molecules. 5-Aminosalicylic acid was  expected to have
a stronger interaction with MC  molecules than SF molecules. It
was concluded that the stronger interaction between MC  and 5-
aminosalicylic acid reduces the release rate of 5-aminosalicylic acid
from the SF/MC mixed gel.

4. Conclusions

This study has demonstrated that the gelation time of SF/MC
aqueous solutions was increased with the MC  content, which also
affected the drug release of the resultant mixed gels. From FT-IR
spectra, the hydrogelation of SF and SF/MC solution was  confirmed
by the change in the amide I peak position, which represents ran-
dom coil structure to �-sheet structure in the SF molecular chains.
The gelation time of SF aqueous solution increased linearly with the
MC  content, because the gelation of MC  molecules also occurred
separately during the gelation of SF, thus inhibiting the transition
of SF aqueous solution from random coil to �-sheet structure. In
addition, the drug release of either SF or SF/MC hydrogels was
studied using 5-aminosalicylic acid in vitro. In the pure SF hydro-
gel, 5-aminosalicylic acid was loaded into SF solution, and up to
60% and 80% was  released at 48 h in 2-D and 3-D, respectively.
The lower release rate of 5-aminosalicylic acid in SF/MC hydrogel
than in SF hydrogel seemed to be caused by a higher interaction
between MC  and 5-aminosalicylic acid. This approach to control-
ling the sol–gel transition of SF hydrogel by the addition of MC  may
find useful applications in the design and tailoring of novel mate-
rials for biomedical applications, including wound dressings, drug
delivery vehicles, and scaffolds for soft tissue engineering.
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