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ABSTRACT: Natural silk spinning offers several advantages
over the synthetic fiber spinning, although the underlying
mechanisms of this process are yet to be fully elucidated.
Silkworm silks, specifically B. mori, comprise two main
proteins: fibroin, which forms the fiber, and sericin, a
coextruded coating that acts as a matrix in the resulting
nonwoven composite cocoon. To date, most studies have
focused on fibroin’s self-assembly and gelation, with the
influence of sericin during spinning receiving little to no
attention. This study investigates sericin’s effects on the self-assembly of fibroin via their natural phase-separation. Through
changes in sample opacity, FTIR, and XRD, we report that increasing sericin concentration retards the time to gelation and β-
sheet formation of fibroin, causing it to adopt a Silk I conformation. Such findings have important implications for both the
natural silk spinning process and any future industrial applications, suggesting that sericin may be able to induce long-range
conformational and stability control in silk fibroin, while being in a separate phase, a factor that would facilitate long-term storage
or silk feedstocks.

1. INTRODUCTION

The mulberry silkworm, Bombyx mori silk, has been widely used
in industry due to its broad domestication, overall quality, and
more recently, for use in high tech applications.1−3 However,
despite its utility, certain details of the natural spinning process
represent a gap in our knowledge. When comparing the natural
spinning process to industrial approaches, silk spinning appears
to be a type of dry spinning, wherein a protein solution is
moved through a silk gland, solidifies into a fiber and is then
excreted.4,5 This secreted fiber is used by the silkworm B. mori
to form a protective cocoon prior to metamorphosis and is a
continuous strand composed of two proteins, namely, fibroin
and sericin. Fibroin constitutes 75% of the fiber strand weight
and functions as the structural component, the remaining 25%,
sericin, a group of polypeptides, has been assigned a minor role
and is thought to be simply a protein that glues fibroin threads
together during cocoon construction.6,7

During the silk spinning process, silk dope solution
undergoes changes in its composition and physical state.8,9

For this reason, much attention has been focused on the
physiological condition such as pH, ion concentration,
temperature, and external forces on the self-assembly of
fibroin.10,11 However, recently, there is evidence to suggest
there may be a further role for silk sericin in this process. Ki et
al.12 reported the effect of sericin on the secondary structure of
fibroin during wet spinning, and Hang et al.13 suggested some

interaction between sericin and fibroin during coaxial electro-
spinning. However, the most compelling evidence to date
comes from Lee14 who observed micelle structures in a blended
film of fibroin and sericin and speculated that the hydrogen
bonds between fibroin and sericin retard the β-sheet
crystallization of fibroin. However, while dry films are clearly
different to the natural liquid state of the proteins found in the
silk gland, this work does suggest that sericin may influence and
perhaps even mediate the solidification kinetics and structure of
fibroin.
Therefore, the focus of this study is to mimic and understand

the interaction between sericin and fibroin during storage, as
opposed to the spinning. To this end, we have investigated the
interaction between fibroin and sericin in solution. Using these
protein’s natural propensity for macrophase-separation, we have
been able to control the concentration of sericin and determine
the impact it has on gelation and β-sheet conformational
transition kinetics of fibroin.

2. MATERIALS AND METHODS
2.1. Materials. Bombyx mori silkworm cocoons were kindly

provided by National Academy of Agricultural Science. Formic acid,
sodium carbonate (Na2CO3), sodium oleate, and calcium chloride
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(CaCl2) were purchased from Sigma-Aldrich (U.S.A.). Lithium
bromide (LiBr) was purchased from Acros (U.S.A.). Other reagents
were purchased from Sigma-Aldrich (U.S.A.).
2.2. Methods. 2.2.1. Preparation of Regenerated Aqueous

Fibroin and Sericin Solution. Silk cocoons were degummed twice
with 0.02% (w/v) sodium carbonate and 0.03% (w/v) Marseille soap
solution at 100 °C for 30 min, then rinsed with distilled water to
remove residual sericin. Following this, the fibroin was dried in an
oven at 50 °C.
To obtain high molecular weight, undegraded sericin, the urea/

mercaptoethanol extraction method was used on cocoons that had
been cut into small pieces.15 In brief, the cocoon pieces were
immersed in a 5% (v/v) 2-mercaptoethanol in 8 M urea solution and
heated to 80 °C for 10 min, then the sericin containing solution was
filtered through a nonwoven filter to remove any remaining pieces of
cocoon. The solution was then dialyzed in distilled water using a
cellulose membrane (molecular weight cut off = 6000−8000 Da,
Spectrum Laboratories, Inc.) for 2 days to remove residual urea and
mercaptoethanol. Finally, the extracted sericin solution was lyophilized
and stored in desiccator prior to use.
For the preparation of aqueous regenerated fibroin and sericin

solutions, the solid extracted fibroin (10%, w/v) and sericin (2%, w/v)
materials were dissolved in a 9.3 M LiBr solution separately at 50 °C
for 4 h. The solution was then dialyzed in distilled water with a
cellulose membrane for 2 days to remove the residual LiBr. To assess
the removal of LiBr after dialysis, conductivity of the dialysate was
checked every time until it had the same value as distilled water. The
final fibroin and sericin concentration was adjusted 4%, 1% (w/v) with
distilled water, respectively.
2.2.2. Gelation Experiment of Fibroin. To monitor the gelation of

fibroin with phase-separated sericin, 10 mL of aqueous fibroin solution
was added to an empty 20 mL vial. Then, 5 mL of distilled water and
aqueous sericin (0, 0.25, 0.50, and 1.00%, w/v) with 100 ppm of
rhodamine B dye was carefully added above the fibroin solution using
a syringe pump (KD Scientific, U.S.A.) in order to maintain the
interface between the two solutions (Figure 1). Following this, the
phase-separation fibroin and sericin samples incubated at 50 °C were
observed using a digital camera until gelation had occurred in each
fibroin solution.
In a separate experiment, gelation kinetics were investigated using a

microplate reader (Synergy H1, Biotek, U.S.A.) measuring sample
turbidity changes at 550 nm as a result of heterogeneous micro-
structures causing an increase in the degree of light scattering. Using a
24-well plate, per well, 2.0 mL of aqueous fibroin was added, and then
1.0 mL of distilled water or aqueous sericin with various
concentrations (0, 0.25, 0.50, and 1.00%, w/v) was added to the
above the fibroin solution. As controls, bovine serum albumin (BSA,
1%, w/v) and polyethylene glycol (PEG 200 K, 1%, w/v), were
selected. Gelation time was defined as the time from the beginning of
incubation at 50 °C to the point when the plateau of optical density
was reached.16

A fluorescence spectrum (FLS) was also recorded using the above
microplate reader. For fluorescence measurements, 20 μM of thioflavin
T (ThT) was added to the fibroin (4%, w/v) solution and black plates
used (Vision plate 24, 4titude, United Kingdom). The excitation
wavelength was set at 420 nm and the emission readings were taken at
480 nm. Time interval for the gelation kinetics was 1 h. Relative
gelation kinetics was obtained by the following:

β‐ =
−

−
×sheet transition kinetics(%)

intensity intensity

intensity intensity
100
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SF SF

t s

g s

where intensitySFg = fluorescence intensity of fibroin when gelation

completed; intensitySFs = fluorescence intensity of fibroin solution at

time 0; and intenstitySFt = fluorescence intensity of fibroin solution at
time t.
2.2.3. Characterization of Fibroin Solution and Hydrogel.

2.2.3.1. Fourier-Transform Infrared (FTIR) Spectroscopy. Fibroin
solutions and hydrogels were lyophilized and turned into pellets

(diameter <13 mm) using a pellet press (The PIKE Technologies,
U.S.A.) prior to ATR-FTIR characterization of the amide I band
between 1600−1700 cm−1 (FTIR Nicolet iS5 with ATR accessory,
Thermo Scientific, U.S.A.). For each measurement, 128 scans were
taken with a resolution of 4 cm−1. Aquired spectra were first subjected
to a baseline correction using a straight line between 1600 and 1700
cm−1 and then a nine-point multipeak Gaussian fitting was performed
using Origin software with structures assigned according to previous
studies17−19 and the relative area of the single bands underneath the
amide I region (Table 1).

2.2.3.2. X-ray Diffraction (XRD). After ATR-FTIR characterization,
the same sample pellets were subjected to X-ray diffraction (XRD)
using an X-ray diffractometer (D8 DISCOVER, Bruker, U.S.A.) with
Cu Kα radiation. Irradiation conditions were 40 kV and 40 mA. XRD

Figure 1. Typical experimental setup to observe the gelation time of
silk fibroin (SF) as a result of a phase-separated silk sericin (SS) layer
above.

Table 1. FTIR Band Assignments in the Amide I Region for
B. mori Silk Fibroin17−19

wavenumber (cm−1) secondary structure

1605−1615 aggregated strands
1616−1637 β-sheet
1638−1655 random coil
1656−1662 α-helices
1663−1696 β-turns

Biomacromolecules Article

DOI: 10.1021/acs.biomac.7b00549
Biomacromolecules XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.biomac.7b00549


patterns were recorded at a speed of 2°/min at 40 kV and 35 mA in
the region of 2θ from 5° to 40°.
2.2.3.3. Mechanical Tests. To investigate the mechanical properties

of fibroin hydrogels, a uniaxial compression experiment was
performed. Cylindrical hydrogels with flat and parallel surfaces 15
mm in diameter and 10 mm high were prepared and allowed to swell
in distilled water for 24 h prior to testing. The samples were then
removed from the water and subjected to compression tests at room
temperature using a Universal Testing Machine (Lloyd Instruments,
Ltd., United Kingdom) equipped with a 500 N load cell and a cross
head speed of 10 mm/min. A total of four hydrogels were tested for
each treatment (N = 4).
2.2.3.4. Dissolution and Enzymatic Degradation Test. Lyophilized

fibroin hydrogel samples weighing 15 mg (±1 mg) were incubated at
37 °C in phosphate-buffered saline (PBS) solution containing 1 U/mL
α-chymotrypsin from human pancreas in 1.5 mL microcentrifuge
tubes. As a control, samples were also incubated in PBS at 37 °C
without enzymes investigate the dissolution properties of fibroin in
PBS. After 1 day of incubation, samples were centrifuged at 10000 rpm
for 10 min, and the remaining silk pellet was washed twice with
distilled water. After rinsing, fibroin residues were centrifuged again at
10000 rpm for 10 min. The fibroin pellets were dried overnight in a
fume hood and the mass determined using a four-point analytical
balance. Four samples from each group were taken at each time point
(N = 4).

3. RESULTS AND DISCUSSION

To mimic the in vivo interactions between these silk proteins,
we used fibroin and sericin’s natural tendency to phase-
separate. During the silkworm’s fifth and final instar, fibroin is
secreted into the posterior division silk gland and migrates into
the middle division silk gland where sericin begins to be
secreted.20 From this point, both fibroin and sericin are stored
as separate phases until spinning, and even after spinning they
remain phase-separated.21 Oh et al.22 found that the phase-
separated state of fibroin and sericin could be maintained in
vitro when the sericin solution was carefully loaded onto the
top of the fibroin solution without disturbing the interface.
While the concentration of silk protein in the silk gland is
around 24%,8 a regenerated sericin solution of more than 1%
(w/v) easily converts into a gel state before the phase-separated
gelation experiment is begun. For this reason, 1% (w/v) sericin
was selected as the limit for this experiment and matched with a
4% (w/v) fibroin solution in order to maintain the natural ratio
of sericin to fibroin, as found in the fiber.
In this study, rhodamine B dye, which has a strong affinity for

fibroin, was used to monitor the interface between the two
proteins during the gelation of fibroin.23,24 Figure 1 shows the
phase-separation state of fibroin (4.0%, w/v) and various
concentrations of sericin (0, 0.25, 0.50, 1.0%, w/v) alongside

Figure 2. Silk fibroin (SF) gelation delay with various polymers (1%) in the layer above SF (SF at 4%). (a) Representative optical density changes
and (b) gelation time of various SF solutions. The error bars represent the s.d. of the different observations (N = 4).

Figure 3. Silk fibroin (SF) gelation delay with various concentrations of silk sericin (SS) on top of SF (4%, w/v): (a) representative optical density
changes and (b) gelation time of various SF solutions. The error bars represent the s.d. of the different observations (N = 4).
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the gelation behavior of fibroin over time. During these tests,
the rhodamine B dye did not diffuse into the fibroin layer,
indicating that the phase-separation between silk proteins was
maintained in a liquid state until gelation (as seen by an
increase in opacity of the fibroin phase). In addition to the use
of an indicator dye, a control to check for protein migration
across the layers was performed by testing for variations in dry
weight concentration of fibroin and sericin layers before and
after the gelation of fibroin (Figure S1). In all cases, variations
in concentration before and after were negligible and within the
standard deviation of the measurements, suggesting no
significant migration of proteins between phases. Comparing
across samples, it was clear that the gelation of fibroin was
delayed as the concentration of phase-separated sericin
increased. This suggests that the sericin phase might play a
significant role in the gelation kinetics of fibroin.
This relationship was then investigated in more detail using

an optical spectrometer. For comparison, other polymers, such
as bovine serum albumin (BSA) and synthetic polyethylene
glycol (PEG 200 K), were selected as controls for the
experiment (Figure 2). Here the gelation time of the fibroin

solution alone and with phases of distilled water, BSA, or PEG
200 K was nearly 40 h. However, the gelation time of fibroin
was nearly 3× slower (115 h) when sericin was present in the
upper layer, strongly indicating that sericin in particular can
retard the gelation behavior of fibroin solutions.
To confirm observations from Figure 2, to determine the

effect of the sericin concentration in the upper layer on the
gelation of fibroin (4.0%, w/v), various sericin concentrations
(0%, 0.25%, 0.50%, 1.00%, w/v) were prepared and tested
(Figure 3). Again, the fibroin gelation time increased with
increasing sericin concentrations (the effect of different
concentrations of fibroin may be found in Figure S2). However,
these results cannot completely exclude the possibility that
fibroin and sericin mix when the concentration gradient or
relative density is not high enough to permit phase-separation.
Interestingly, when fibroin and sericin were mixed as a
homogeneous solution, gelation did not occur until 160 h.
These results imply that sericin can clearly delay the gelation
time of fibroin, even though they are phase-separated.
Next we investigated the mechanism of fibroin gelation by

using Thioflavin T (ThT), a benzo-thiazole extrinsic

Figure 4. Relative β-sheet transition kinetics of silk fibroin (SF) based on Thioflavin T (ThT) fluorescence intensity. (a) Fluorescence emission
spectra of ThT in distilled water and in various concentrations of SF solution. (b) Relative β-sheet transition kinetics of SF (4% w/v) based on ThT
fluorescence intensity.

Figure 5. Effect of phase-separated silk sericin (SS) on silk fibroin (SF) gel’s secondary structure derived from IR measurements (a) and XRD
spectra (b).
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fluorescence dye, which enables β-sheet formation to be
monitored.25−28 Free ThT in an aqueous solution shows only
weak fluorescence, with lower excitation and emission maxima
at 350 and 440 nm, respectively. However, when ThT interacts
with β-sheet-rich samples, it generates strong (red-shifted)
fluorescence, with excitation and emission maxima at
approximately 440 and 490 nm, respectively.29 Figure 4a
shows that, while the initial conformation of the fibroin
solutions is mainly random coil, there is some β-sheet content
present, and the intensity of fluorescence was increased in
proportion to the amount of fibroin. Figure 4b shows the β-
sheet transition kinetics of fibroin solution (4%, w/v) in the
presence of phase-separated sericin at different concentrations.
This clearly indicates that the gelation of fibroin occurred with
the conformational transition to β-sheets.16,30 The results agree
well with previous studies, and we can now associate an
increase in β-sheet content with gelation of fibroin. In addition,
the transition into a β-sheet structure was also retarded if the
concentration of the sericin layer increased.
In order to obtain further structural information about

fibroin gelation during the phase-separated experiments, fibroin
solutions were collected from the bottom layer of the sample
container after 1 h, lyophilized, and subjected to ATR-FTIR
and XRD analysis. Both tests indicate no significant structural
differences at the bottom layer between samples after 1 h and
confirmed a mainly random coil/an amorphous state of fibroin
(Figure S3).
However, post-gelation, ATR-FTIR and XRD revealed

significant differences between samples (Figure 5). FTIR-
ATR results show that, as the concentration of the overlying
sericin phase increased, random coils and β-turn structures
develop at the expense of β-sheets, α-helices, and aggregated
strands. XRD results provided more insight into this situation,
with data indicating that an increasing sericin concentration
promotes a Silk I conformation of fibroin to develop in the gel
rather than the typical Silk II.31,32

Furthermore, if the sericin layer is removed post-gelation and
the fibroin gels allowed to stand for 2 days, all samples
converted to a Silk II structure (Figure S4). Thus, it can be
concluded that phase-separated sericin retards fibroin Silk II
formation by stabilizing Silk I structures but does not induce a
permanent change in the gel.

SF Gel Post-Gelation with Phase-Separated Sericin.
Further evidence to support sericin’s ability to influence the
properties of fibroin gels were obtained by investigating
fibroin’s mechanical properties and degradation profile. Figure
6 shows the compressive strength and modulus of fibroin
hydrogels prepared with different upper phase concentrations
of sericin. At the same fibroin concentrations, the mechanical
properties of the fibroin hydrogel were found to decrease with
increasing concentrations of sericin. This also coincides with
changes in the secondary structure composition analysis by
FTIR and XRD. This is also consistent with other studies on
hydrogel mechanical properties which have shown that a
greater proportion of random coil structures may be
responsible for a weaker hydrogel.33−35

Since the random coil-rich, amorphous regions of fibroin are
water-soluble and degradable, they are prone to both
dissolution and proteolytic enzymes,36 while the Silk II
crystalline region of fibroin is not.37 Therefore, after gelation
and lyophilization, both PBS and α-chymotrypsin were used to
investigate fibroin hydrogel degradation. Figure 7 and Figure S5
show that all fibroin hydrogels exhibiting either Silk I or Silk II

Figure 6. Effect of phase-separated silk sericin (SS) concentration on the mechanical properties of silk fibroin (SF) hydrogel: (a) compressive
strength and (b) relationship between random coil structure proportion and compressive modulus. The error bars represent the s.d. of the different
observations (N = 4).

Figure 7. Water dissolution and enzymatic degradation properties of
silk fibroin (SF) sol (a), SF gel phase-separated with different
concentration of silk sericin (SS) (b). The error bars represent the s.d.
of the different observations (N = 4).
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structures were insoluble in PBS. When subjected to enzymatic
degradation, fibroin hydrogels prepared with an upper phase-
separation of distilled water and 0.25% sericin solution had
greater stability against enzymatic degradation, which indicates
Silk II structure formation. On the other hand, fibroin
hydrogels prepared with phase-separated 0.50% and 1.00%
sericin could be enzymatically degraded, indicating the
existence of Silk I structures and backing up our XRD data.
Combined these results clearly show that the presence of a

sericin layer induces the Silk I structure in fibroin hydrogels.
This interaction has to occur at the interface between sericin
and fibroin. Unfortunately, due to limited analysis techniques, it
is difficult to identify precisely the nature of the sericin and
fibroin interaction. However, we can now begin to speculate
based our data and evidence from other reports. Lee14 has
reported retardation of fibroin crystallization in the presence of
sericin in films. Ki et al.12 reported the effect of sericin on the
secondary structure of fibroin during wet spinning, and Hang et
al.13 suggested some interaction between sericin and fibroin
during coaxial electrospinning. Their findings indicate that
sericin can affect the structural transition of fibroin at an
interface. Based on current and former results, the following
mechanism is suggested for the development of Silk I structures
from fibroin in the presence of sericin. It has been reported that
the gelation of fibroin results from the conformational
transition from random coil to β-sheet structures.38 During
this process, the hydrophobic part of fibroin, which consists of
repeated sequences, will start to agglomerate in order to avoid
an unfavorable aqueous environment. The process will
continue until they find the most thermodynamically stable
state, typically adopting a β-sheet conformation (Silk II), which
also acts as a physical cross-linker in the fibroin hydrogel.
However, we believe the interaction between fibroin and sericin
at the interface may affect the self-assembly of fibroin. This type
of intervention by structure can be observed in other self-
assembling peptides. The Stupp group has studied the self-
assembly of peptide-amphiphiles and found that the β-sheet-
stabilized self-assembly could only be found when the sequence
was maintained.39 Therefore, even a slight disruption in the

hydrogen-bonding pattern of fibroin may prevent its β-sheet
formation, which we propose to be caused by sericin (Figure
8). Here, this was seen by a promotion of Silk I structures in
fibroin rather than the usually more stable Silk II. This was then
confirmed as upon removal of the sericin layer, the Silk I
structure of fibroin converted into Silk II.
From a biological perspective, the influence of sericin on

fibroin may have profound effects. Like the gelation observed in
this study, natural spinning surrounds a conformational
transition of fibroin from a Silk I structure to a Silk II.40

Therefore, prior to spinning, the Silk I structure is the typical
structure of fibroin in the silk gland. Yet, this has been difficult
to characterize in the past due to its inherent instability and
tendency to convert into Silk II. Our current results suggest
that sericin may be responsible for inducing and maintaining
the Silk I structure in the animal prior to spinning, despite
being phase-separated. Until now, its role was underestimated
as simply being a lubricant. However, the current results
indicate that sericin may have a further role in preventing
premature fibroin crystallization in the gland.

4. CONCLUSIONS

Silk sericin may have more important roles than has been
previously been recognized. In this study, a phase-separated
fibroin and sericin solution layer was constructed to mimic the
conditions inside in the middle of the silk gland. It was found
that phase-separated sericin slowed the gelation of fibroin, and
this became more significant as the sericin concentration
increased. From ThT fluorescence intensity kinetics and ATR-
FTIR measurements, this delay in gelation correlated with slow
β-sheet structure development in the fibroin layer with XRD
indicating a Silk I structure was promoted instead. Subsequent
mechanical property tests and degradation studies highlighted
that not only structure, but other physical properties were
influenced by sericin. These results suggest that sericin, even
though it was phase-separated, could prevent premature
crystallization of fibroin and induce a Silk I hydrogel structure.
Interpreting these findings in a wider context of the natural
system, we propose that in the silk gland the sericin layer that

Figure 8. Schematic of the effect of phase-separated silk sericin (SS) on the conformational transition of silk fibroin (SF).
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surrounds the fibroin acts to stabilize the metastable fibroin
before spinning. These findings could therefore have impact in
the future storage and processing of fibroin and any biomimetic
technological applications where careful control over the
conversion and solidification of fibroin is required.
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